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S U M M A R Y
Three B r a z i l ia n  y e a s t s t r a in s ,  Saccharomyces  
c e r e v is ia e  42 -  F, Saccharomycea c e r e v ia ia s  PLA 851 and  
Saccharomycaa b o u la r d l i  IZ  1904, a l l  c u r r e n t ly  employed  
in  th e  sugar fe rm e n ta t io n  in d u s try , w ere e v a lu a te d  w ith  
re s p e c t to  t h e i r  th e rm a l to le r a n c e  and a lc o h o l p ro d u c tio n  
k in e t ic s .  B est perfo rm ance was found in  Saccharomycaa 
c e r e v ia ia a  PLA 861 a t  te m p e ra tu re s  up t o  40 degrees  
( a common fe rm e n ta t io n  te m p e ra tu re  in  th e  B r a z i l ia n  
in d u s try  ) .  T h is  s t r a in  was f u r t h e r  e v a lu a te d  in  
c h e m o s ta tic  grow th under sucrose l im i t a t io n  w ith  biomass 
feedb ack on a 1 L i t e r  s c a le  in  a s p e c ia l ly  c o n s tru c te d  
a p p a ra tu s .
A t 30 degrees  and 36 degrees under a d i lu t io n  
( grow th ) r a te  o f  0 .1  /h  e th a n o l p r o d u c t iv i t y  in c re a s e d  
by a f a c t o r  o f  2 w ith  feedb ack  and a t  40 degrees by a 
f a c t o r  o f  3 . The feed b ack  f a c t o r  ( B e ta  ) was 0 .9 .  PLA 
861 c e l l s  5 h e a t -  shocked a t  46 d e g re es , r e s u lte d  in  a 
g r e a te r  biomass p r o d u c t iv i t y  su b se q u en tly  a t  40 degrees  
co up led  w ith  a change in  c e l l  m orphology.
H ig h e s t e th a n o l p r o d u c t iv i t y  was found w ith  10 % 
i n i t i a l  su crose c o n c e n tra t io n  a t  a d i lu t io n  r a t e  o f  
0 ,2 6  /h  w ith  fe e d b a c k . Saccharomyces c e r e v is ia e  PLA 861 
appears  t o  be w e ll  ad ap ted  to  th e  harsh  p h y s io lo g ic a l  
c o n d ito n s  in  a lc o h o l fe rm e n ta tio n s  as c u r r e n t ly  p ra c t ic e d  
in  B r a z i l .
XI
CONTENTS
DECLARATION ......................         I I
CERTIFICATE ...................        I l l
COPYRIGHT ................................................................................................................. IV
ACADEMIC RECORD .......................................................................................    V
ACKNOWLEDGEMENT  .........      V I
ABBREVIATIONS ..................................................................................................... V I I
SUMMARY ..................................................................................................................   . IX
CONTENTS .................................................    X I
1 -  INTRODUCTION 01
1.1  -  ETHANOL AS A FUEL 01
1 . 1 . 1  The B r a z i l ia n  N a tio n a l A lco ho l Program 03
1 . 1 . 2  H is t o r ic a l  05
1 . 1 . 3  Developm ent o f  th e  B r a z i l ia n  N a tio n a l A lcoho l 
Program 09
1 . 1 . 3 . 1  G enera l 09
1 . 1 . 3 . 2  Advances in  fe rm e n ta tio n  te ch n o lo g y  11
1 . 1 . 3 . 3  F u tu re  p ro s p e c ts  f o r  th e  A lco h o l Program 13
1 .2  -  MICROBIAL GROWTH THEORY 15
1 . 2 . 1  G enera l p r in c ip le  15
1 . 2 . 2  Chem ostat Theory 20
1 . 2 . 3  C ontinuous C u ltu re  22
1 . 2 . 4  Theory o f  C ontinuous C u ltu re  w ith  Feedback 
Biomass 27
1 .3  SUMMARY OF THERMAL AND ETHANOL TOLERANCE 
IN  YEAST
1 . 3 . 1  THERMAL TOLERANCE
1 . 3 . 1 . 1  -  E f f e c t  on membrane com p osition  in  y e a s t
1 . 3 . 2  ETHANOL TOLERANCE
1 . 3 . 2 . 1  -  E f f e c t  on membrane l i p i d  co m p osition
in  y e a s t








1 .4  FERMENTATION PROCEDURE
1 . 4 . 1  Bath process
1 . 4 . 2  C ontinuous process
1 . 4 . 3  C u rre n t p r a c t ic e  in  N o rth e a s t B r a z i l ia n  





1 .5  -  AIMS OF THIS RESEARCH
1 . 5 . 1  G eneral o b je c t iv e s




2 -  MATERIALS AND METHODS 69
2 .1  MICROORGANISMS
2 .2  MEDIA
2 . 2 . 1  Inoculum  Medium
2 . 2 . 2  Batch medium
2 . 2 . 3  C ontinuous C u ltu re  Medium
2 . 2 . 4  M ain tenance Medium









2 .3  APPARATUS COMPONENTS 73
2 .4  EQUIPMENT 75
2 .5  CHEMICALS 79
2 .6  FERMENTATION EXPERIMENT 80
2 . 6 . 1  Growth C o n d itio n s  80
2 . 6 . 2  Batch E xperim ents  80
2 . 6 . 3  C ontinuous E xperim ents  81
2 .7  SPECIFIC GROWTH RATE 83
2 . 7 . 1  S p e c ifc  Growth R ate  D eterm ined Trhough a
Batch E xperim ent 83
2 .8  ANALYTICAL METHODS 84
2 . 8 . 1  D e te rm in a tio n  o f  Biomass C o n c e n tra tio n  84
2 . 8 . 2  P re p a ra t io n  o f  Biomass C a l ib r a t io n  P lo t  85
2 . 8 . 3  Biomass Measurements D uring  E xperim ents  85
2 .9  DETERMINATION OF SUCROSE CONCENTRATION 87
2 . 9 . 1  P re p a ra t io n  o f  DNSA Reagent 87
2 . 9 . 2  P re p a ra t io n  o f  sucrose C a l ib r a t io n  P lo t  87
2 . 9 . 3  D e te rm in a tio n  o f  Sucrose D uring  E xperim ents  88
2 . 1 0  DETERMINATION OF ETHANOL CONCENTRATIONS 91
2 . 1 0 . 1  P re p a ra t io n  o f  E thano l C a l ib r a t io n  P lo t  91
2 . 1 0 . 2  D e te rm in a tio n  o f  E thano l in  E xp e rim e n ta l
Samples 92
XIV
3 -  RESULTS AND DISCUSSION 94
3 .1  SELECTION OF APPROPRIATE STRAINS FROM BATCH
DATA ANALYSIS. 96
3 .2  DESIGN AND OPERATION OF THE CHEMOSTAT WITH
FEEDBACK OF BIOMASS. 104
3 .3  GROWTH AND ETHANOL PRODUCTIVITY UNDER CONTINUOUS 
CULTURE WITH AND WITHOUT FEEDBACK AT TEMPERATURE
OF 30 , 35 AND 40 % .  113
3 .4  EFFECT OF DILUTION RATE ON THE OUTCOME OF CHEMOSTAT
OPERATION WITH FEEDBACK OF BIOMASS AT 40 ^C. 122
3 .5  ENHANCEMENT OF THERMAL TOLERANCE IN  S.CEREVISIAE
BY PREINCUBATION AT HIGH TEMPERATURE. 125
3 .6  EFFECT OF IN IT IA L  SUGAR CONCENTRATION ON THE
OUTCOME OF CHEMOSTAT EXPERIMENT WITH BIOMASS
FEEDBACK AT 40 ^C. 130
. .q |
4 -  REFERENCES 137
a
1 - INTRODUCTION
1 . 1 -  ETHANOL AS A FUEL
E thano l has been produced by t r a d i t io n a l  methods 
th ro u g h o u t th e  w o rld  f o r  m i l l e n i a  as a beverage and 
p r e s e r v a t iv e .
These a n c ie n t  methods o f  p ro d u c tio n  have rem ained  
a lm ost unchanged and i t  is  o n ly  r e c e n t ly  w ith  c o n s id e ra b le  
i n t e r e s t  in  fu e l  e th a n o l t h a t  th e  fe rm e n ta tio n  processes  
a re  be ing  looked a t  w ith  a v iew  to  in c re a s in g  p ro d u c tio n  
o f fu e l  e th a n o l.
There  a re  many fa c to r s  r e la t e d  w ith  e th a n o l 
fe rm e n ta t io n , b u t we must ta k e  in to  account t h a t  th re e  
im p o rta n t a re a s  o f  in t e r e s t  re g a rd in g  th e  e f f ic ie n c y  o f  
fe rm e n ta t io n  process a re :  The c h o ic e  o f  raw m a te r ia l ,  th e  
ch o ic e  o f  m icroorgan ism  and th e  design  o f  th e  fe rm e n te r .
The c h o ic e  o f  a raw m a te r ia l depends upon which  
s u b s tra te  is  a v a i la b le ,  i t s  p r ic e  and i t s  re q u ire m e n t f o r  
human o r  an im al consum ption.
T h is  may b r in g  in  an e lem en t o f  c o m p e tit io n  
between fu e l  f o r  p eo p le  o r  fu e l  f o r  a u to m o b ile  en g in e  as 
is  th e  case f o r  sugar cane and mandioca ( cassava ) in  
B r a z i l .
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The second and t h i r d  a reas  a re  ve ry  c lo s e  
re g a rd in g  t h a t  th e  fe rm e n te r  design  may be m o d ifie d  to  
o p tim is e  c o n d it io n s  such as a e r a t io n ,  pH, te m p e ra tu re  and 
th e  le v e l o f  c e r t a in  n u t r ie n ts  to  th e  re q u ire m e n ts  o f  th e  
m icroorganism s f o r  o p tim a l e th a n o l p ro d u c tio n .
However, th e  converse is  a ls o  t r u e  to  a 
c o n s id e ra b le  e x te n t ,  t h a t  i s ,  th e  m icroorgan ism  may be 
g e n e t ic a l ly  m an ip u la ted  o r  s e le c te d  n a t u r a l ly  due to  i t s  
a b i l i t y  to  w ith s ta n d  o r  even t h r iv e  and fe rm e n t b e t te r  in  
a p r e - e x is t in g  c o n d it io n  w ith in  th e  fe rm e n te r^ .
The raw m a te r ia ls  c u r r e n t ly  in  use in  th e  U n ite d  
S ta te  f o r  th e  p ro d u c tio n  o f  e th a n o l by fe rm e n ta tio n  a re  
numerous. A lth oug h  corn  ( m aize ) is  th e  most commonly 
used, o th e rs  in c lu d e  m ilo  ( sorghum -  g ra in  ) ,  b a r le y ,  
p o ta to  -  p ro c ess in g  w as tes , brew ery w as tes , s o f t  -  d r in k  
w astes , sugar cane m olasses, c i t r u s  m olasses, cheese , 
whey, c o n fe c t io n a ry  w astes and used s u lp h ite  l iq u o r  from  
paper m a n u fa c tu r in g ^ '^ '* .
There is  a c u r re n t  in t e r e s t ,  however in  th e  
developm ent o f  more sugar -  in te n s iv e  s u b s tra te  such as 
sw eet sorghum, in u l in  -  r ic h  Jerusalem  a r t ic h o k e  and o f  
a g r ic u l t u r a l  w astes such as corn s to v e r® .
1 . 1 . 1  -  THE BRAZILIAN NATIONAL ALCOHOL PROGRAM
The B r a z i l i a n  N a tio n a l a lc o h o l program  aimed a t  
th e  rep lacem en t o f  p e tro le u m  w ith  fu e ls (  n o ta b ly  e th a n o l)  
d e r iv e d  from  p la n t  biom ass, has been amongst th e  most 
a m b itio u s  and c o n tr o v e r s ia l  e n e r g y - re la te d  p r o je c ts  to  be 
un dertaken  by any d e v e lo p in g  n a t io n .
For B r a z i l ,  th e  s u b s t i tu t io n  o f  im ported  
p e tro leu m  w i t h  b io m a s s -d e riv e d  fu e l  a lc o h o l is  made 
p o s s ib le  and g r e a t ly  fa v o u re d  by th e  vas tn ess  o f  th e  
c o u n try  and i t s  t r o p ic a l  lo c a t io n  w ith  fa v o ra b ly  
c o n d it io n s  f o r  p ro d u c tio n  o f  biom ass.
In  o rd e r  to  be u s e fu l f o r  la r g e -s c a le  p ro d u c tio n  
o f  in d u s t r ia l  e th a n o l,  fe e d s to c k  must be a v a i la b le  in  
s u f f i c i e n t  q u a n t i ty ,  a t  r ig h t  c o s t and f o r  a la rg e  p a r t  o f  
th e  y e a r and a com m ercial p rocess f o r  i t s  u t i l i z a t i o n  must 
be a v a i la b le .
Sugar cane is  c u r r e n t ly  th e  main fe e d s to c k  f o r  
th e  p ro d u c tio n  o f  fe rm e n ta t io n  e th a n o l. I t  o f f e r s  a 
p o te n t ia l  y i e l d  o f  o v e r 4 ,0 0 0  l i t e r s  o f  e th a n o l per  
h e c ta re  p e r y e a r , th e  h ig h e s t y i e l d  f o r  any c ro p , and th e  
energy b a lan ce  f o r  e th a n o l p ro d u c tio n  is  more fa v o ra b ly  
th an  w ith  o th e r  crops due to  th e  c o n tr ib u t io n  o b ta in a b le  
by b u rn in g  th e  bagasse, th e  re s id u e  rem ain in g  a f t e r  
e x t r a c t io n  o f  sugar
G iven th e  f a c t  t h a t  th e  most o f  th e  biomass 
reso u rces  a re  found in  th e  d e v e lo p in g  c o u n tr ie s  ( 122
c o u n tr ie s  in  A s ia ,  A f r i c a  and South A m erica ) a l l  o f  w hich  
possess economies w i t h  a re  b a s ic a l ly  a g r a r ia n ,  th e  
p o te n t ia l  a p p l ic a t io n  and a v a i l a b i l i t y  o f  th es e  reso u rces  
c o n s t itu te s  an im p o rta n t c a t a ly s t  f o r  economic and 
te c h n o lo g ic a l p ro g re s s .
In d e e d , many d e v e lo p in g  c o u n tr ie s  w i t h  a g r a r ia n -  
based economies d i f f e r  from  each o th e r  in  term s o f  
c u l t u r a l  system s, te c h n o lo g ic a l g row th , s o c ie ty  and 
governm ent as w e l l  as in  t h e i r  approaches to  th e  p re s s in g  
problem  o f  p o v e r ty , o v e rp o p u la tio n  and underdevelopm ent^ .
a  ____
1.1.2 - HISTORICAL
For a n a tio n  such as B r a z i l ,  which u n t i l  r e c e n t ly  
produced l i t t l e  p e tro le u m , th e  use o f  a lc o h o l as a 
pe tro leu m  s u b s t i tu te  is  n o t new.
The f i r s t  com m ercial fu e l  based on e th a n o l was 
m anufactured  in  1927.  I n  1931,  a governm ent d ecree  
re q u ire d  th a t  a l l  g a s o lin e  c o n ta in  a t  le a s t  6 % e th a n o l in  
o rd e r  to  in c re a s e  demand f o r  sugar cane in  th e  fa c e  o f  a 
w o rld w ide  d e p re s s io n . A lco h o l was o f  l i t t l e  im portance as 
a energy source u n t i l  1956,  when th e  governm ent d e c id e  to  
pursue an in d u s t r ia l i z a t io n  s t ra te g y  based on au to m o b ile  
in d u s try .
The consum ption o f  o i l  in  B r a z i l  in c re a s e d  
s ix te e n fo ld  between 1946 and 1974,  co n seq u en tly  th e  o i l  
im p o rt b i l l  had grown to  39 .5  % o f  t o t a l  e x p o r ts .
However, th e  fu e l  c r i s i s  o f  1973,  in  which th e  p r ic e  o f  
crude o i l  q u a d ru p le d , prompted many c o u n tr ie s  to  ta k e  
s to ck  o f  th e  energy o p tio n s  a v a i la b le  to  them , and in  many 
cases , deve lop  schemes f o r  th e  p ro d u c tio n  o f  energy from  
in te r n a l ly -p ro d u c e d  renew ab le  biom ass.
In  t h is  c o n te x t ,  th e  B r a z i l i a n  N a tio n a l A lcoho l 
Program ( PROALCOOL ) ,  was e s ta b lis h e d  in  1975,  w ith  th e  
g o a ls  o f  reduced e x p e n d itu re  on p e tro le u m  im p o rts , 
d im in is h in g  in d iv id u a l and re g io n a l income in e q u a l i t i e s ,  
in c re a s in g  n a t io n a l o u tp u t by g r e a te r  employment o f  
casua l la b o u r ( s o -c a l le d  "b o ia s  f r i a s "  ) and expanding
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th e  p ro d u c tio n  o f  c a p i t a l  goods by s t im u la t in g  th e  
d i s t i l l e r y  in d u s tr y . The program aimed to  produce 3 
b i l l i o n  l i t e r s  o f  a lc o h o l a n n u a lly  by 1980. To a c h ie v e  
th a t  p ro d u c tio n , th e  governm ent prom ised a f in a n c ia l  
program , g u aran teed  a c q u is i t io n  o f  a lc o h o l a t  f i x e d  p r ic e s  
up to  th e  quotas e s ta b lis h e d  by th e  F e d e ra l I n s t i t u t e  o f  
Sugar and A lco ho l ( I . A . A . )  and an a r ra y  o f  f in a n c ia l  
in c e n t iv e s .
The r e s u lts  exceeded e x p e c ta t io n s , in  p a r t  
because a sharp  f a l l  in  th e  sugar w o rld  p r ic e s  s t im u la te d  
B r a z i l  to  d iv e r t  raw cane from  sugar r e f in e r ie s  to  a lc o h o l 
d i s t i l l e r i e s .  A lco h o l p ro d u c tio n  from  1979 -  1980 sugar  
h a rv e s t was 3 .4  b i l l i o n  l i t e r s ,  13 % o v e r th e  goal and 
n e a r ly  s ix  tim e s  th e  p ro d u c tio n  ac h ieved  o n ly  6 ye a rs  
e a r l i e r .
I n  1979,  due to  th e  success o f  th e  program , th e  
governm ent o f  G enera l Joao F ig u e ire d o  d ec id ed  to  i n i t i a t e  
a second phase a im in g  to  produce 10 .7  b i l l i o n  l i t e r s  o f  
a lc o h o l a y e a r by 1985 and o rd e r in g  com m ercial p ro d u c tio n  
o f  v e h ic le s  ru n n in g  on pure a lc o h o l.
The p ro d u c tio n  in  th e  y ear 1982 -  1983 was 5 .8  
b i l l i o n  l i t e r s ,  w ith  a s a v in g  o f  $ 1 .3  b i l l i o n  in  fo r e ig n  
exchange. In  1983 a t h i r d  phase o f  th e  program was 
approved by th e  governm ent w i t h  th e  aims o f  p rod uc ing  14 .3  
b i l l i o n  l i t e r s  by 1987 -  1988.
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However, in  1985 th e  p ro d u c tio n  o f  e th a n o l was 
about 11 .9  b i l l i o n  l i t e r s  a q u a n t ity  w e l l  above 
e x p e c ta t io n s . In  1986 B r a z i l  was producing  about 30% more 
a lc o h o l th an  i t  needed®.
N e v e r th e le s s , th e  sharp f a l l  i n  the  wor ld  
p e tro leu m  p r ic e s  in  t h a t  same y e ar c l e a r l y  made fu e l  
a lc o h o l le s s  c o m p e tit iv e  w i t h  g a s o lin e  and th e re  seems no 
im m ediate p ro s p e c t t h a t  o i l  p r ic e s  w i l l  r i s e  s u f f i c i e n t l y  
to  make a lc o h o l v i a b l e  as a nonsubs id ised  source o f  fu e l  
en e rg y .
A lthough  in  1991,  a new e v e n t such as th e  G u lf  
war,  has ra is e d  governm ental awareness in  many d e v e lo p in g  
c o u n tr ie s , p a r t i c u l a r l y  B r a z i l ,  o f  th e  im p o rta n t r o le  th a t  
biomass f o r  th e  p ro d u c tio n  o f  e th a n o l as a fu e l  and 
chem ical fe e d s to c k  can p la y  f o r  th e  p re s e n t and th e  fu tu r e  
developm ent o f  th e  c o u n try .
An in t e r e s t in g  a s p e c t about th e  B r a z i l i a n  N a tio n a l  
A lco ho l Program (PROALCOOL) is  i t s  fo cu s  on a s p e c i f ic  
s e c to r ;  The sugar com plex. In  B r a z i l  th e  sugar in d u s try  
s u f fe r s  from  two im p o rta n t A c h i l l e s ' s  h e e ls  -  economic and 
p o l i t i c a l .  E c o n o m ic a lly , i t  is  s u s ta in e d  on th e  b a s is  o f  
governm ent s u b s id ie s , which a re  in c re a s in g ly  d i f f i c u l t  to  
m a in ta in  as th e  p r ic e  o f  p e tro leu m  f a l l s .  P o l i t i c a l l y ,  th e  
re s e a rc h  program  depends on th e  M in is t r y  o f  In d u s try  and 
Commerce, and has n ever been view ed fa v o ra b ly  by P e tro b ra s  
( The S ta te  P e tro leu m  Company ) .
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The c o m p le x ity  o f  th e  in te r e s t s  t i e d  to  
b io te c h n o lo g ie s  a re  r e f le c t e d  in  th e  d i f f i c u l t y  o f  
d e f i n i n g  a s t ra te g y  f o r  th e  s e c to r  and by in s t i t u t io n a l  
f r a g i l i t y  o f  th e  e x e c u tiv e  organs o f  re se arc h  re s p o n s ib le  
f o r  b io te c h n o lo g y  in  B r a z i l ® .
1 . 1 . 3  -  DEVELOPMENT OF THE BRAZILIAN ALCOHOL PROGRAM
1 . 1 . 3 . 1 . -  GENERAL
B r a z i l  has based i t s  economic developm ent 
p r im a r i ly  on im po rted  p e tro leu m  and p e tro le u m  based  
te c h n o lo g ie s . The fu e l  c r i s i s  in  1973, in  w hich th e  p r ic e  
o f  crude o i l  a lm o s t q u a d ru p le d , prompted many c o u n tr ie s  to  
ta k e  s to c k  o f  th e  en erg y  a v a i la b le  to  them , and in  many 
ca se s , to  d e ve lo p  schemes f o r  th e  p ro d u c tio n  o f  en erg y  
from  in te r n a l ly -p ro d u c e d  renew ab le  biom ass. The main  
reason f o r  th e  c r e a t io n  o f  th e  B r a z i l ia n  N a tio n a l  
A lco h o l Program ( PROALCOOL ) was econom ic.
The program  m a in ly  aim ed to  reduce th e  c o u n try ’ s 
im p o rt e x p e n d itu re  f o r  p e tro le u m , w hich in  1980 was 
e s tim a te d  in  US$ 11 b i l l i o n .  The wisdom o f  th e  program , 
now in  i t s  s ix te e n th  y e a r , c o n tin u e s  t o  be debated  in  
term s o f  i t s  c o s ts  and b e n e f i t s .
Some c r i t i c s  o f  th e  program  c la im  t h a t  th e  
grow th o f  The PROALCOOL program  has re p la c e d  p e tro le u m  
su p p ly  r is k  w ith  a  new r is k  o f  d is r u p t io n  o f  a lc o h o l 
s u p p lie s  due t o  th e  grow ing number o f  a lc o h o l- fu e le d  c a rs  
as w e ll  as th e  g e o g rap h ic  c o n c e n tra t io n  o f  a lc o h o l  
p ro d u c tio n , f o r  in s ta n c e , in  1983 -198 4  th e  S ta te  o f  Sao 
P au lo  was re s p o n s ib le  f o r  69 % o f  a l l  e th a n o l produced in  
B r a z i l .
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Some fa c to r s  t h a t  co u ld  in c re a s e  th e  r is k  o f  
in te r r u p t io n s  in  e th a n o l s u p p ly , a p a r t  from  th e  in c re a s in g  
number o f  a lc o h o l- f u e le d  c a rs  n a t io n a l ly , '  a re  th e  
v u ln e r a b i l i t y  o f  th e  sugar cane crops to  w e a th e r, p e s ts , 
and d is e a s e s .
However, in  th e  few  y e a rs  o f  PROALCOOL’ s e x is te n c e  
th e r e  have been m ajo r p r o d u c t iv i t y  im provem ents in  
a g r ic u l t u r e  such as im proved crop  v a r i e t i e s ,  more 
in te n s iv e  c u l t i v a t io n  methods and b e t t e r  management and 
c o o rd in a t io n  o f  p la n t in g  and h a rv e s t in g .
N e v e r th e le s s , th e  te c h n o lo g ic a l p rocess f o r  e th a n o l 
p ro d u c tio n  from  su gar cane o r  m olasses s t i l l  needs
im provem ent.
I t  is  however necessary  to  em phasize t h a t
c o n s id e ra b le  advances in  term s o f  re s e a rc h  were made, 
p a r t i c u l a r ly  by P ro fe s s o r  W a lte r  B orzan i and c o -w o rk e rs  in  
th e  U n iv e r s i ty  o f  Sao P au lo  -  B r a z i l -
In d e e d , im provem ents in  fe rm e n ta t io n  te ch n o lo g y  as  
a s t r a te g y  f o r  re d u c in g  th e  c o s t o f  m ic ro b ia l c h em ica ls
p ro d u c tio n  s t i l l  rem ains a m a tte r  o f  p r i o r i t y .
Thus as long as th e  u n c e r ta in t ie s  a s s o c ia te d  w ith  
p r ic e  and su p p ly  o f  p e tro le u m  c o n tin u e s , i t  can be
exp ec ted  t h a t  bo th  new and c o n v e n tio n a l b io lo g ic a l  ro u te s  
to  ch em ica ls  from  biom ass w i l l  c o n tin u e  t o  be e x p lo re d  by 
in d u s tr y .
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1 . 1 . 3 . 2  -  ADVANCES IN  FERMENTATION TECHNOLOGY
Advances in  fe rm e n ta t io n  processes as shown in  
TABLE 1, have a lre a d y  been im plem ented to  some d egree by 
in d u s try , a re  under developm ent, o r  c o n s id e red  t o  be 
d ir e c t io n s  f o r  fu t u r e  developm ent.
The m a jo r i ty  o f  advances a re  d ir e c te d  tow ard  
im provem ents in  p ro d u c t re c o v e ry , th u s  im m o b iliz in g  c e l l s ,  
i n  e f f e c t ,  e l im in a te s  a c e l1 -b r o th  s e p a ra t io n  s te p ; a 
h ig h e r  o p e ra t in g  te m p e ra tu re  a id s  in  th e  re c o v e ry  o f  
v o l a t i l e  p ro d u c ts  l i k e  e th a n o l;  C e ll  re c y c le  system  and 
h ig h e r  p ro d u c t to le r a n c e  c e l l s  enhance p ro d u c t  
c o n c e n tra t io n  and re c o v e ry  o p e ra t io n .
The u t i l i s a t i o n  o f  a  h ig h ly  e f f i c i e n t  system  is  
i t s e l f  an im p o rta n t g o a l,  m a in ly  when a s s o c ia te d  w ith  
renew ab le  source o f  e n e rg y , w ith  low e n v iro n m e n ta l im pact 
and many p o s i t iv e  p o in ts  in  s o c ia l and developm ent 
aspects^® .
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TABLE 1 ADVANCES IN  FERMENTATION TECHNOLOGY
CONVENTIONAL ADVANCED
BATCH FERMENTATION 
CELLS IN  SUSPENSION 
LOWER FERMENT. TEMPERATURE 
CELLS USED ONCE 
NATURAL STRAINS 
DISTILLATION
INDIRECT PRODUCT SENSORS 
SIMPLE CONTROLS
CONTINUOUS, SEM I- CONTINUOUS 
IMMOBILIZED CELLS 
HIGHER FERMENT. TEMPERATURE 
CELL RECYCLE /  REUSE 
ENHANCED OR ENGINEERED STRAINS 
LIQ U ID -L IQ U ID  EXTRACTION, MEM­
BRANES, ADSORBENTS, IMPROVED 
DISTILLATIO N.
DIRECT PRODUCT SENSORS 
COMPUTER CONTROL.
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1 . 1 .3 .3  -  FUTURE PROSPECTS FOR THE PROALCOOL PROGRAM
PROALCOOL, th e  w o r ld ’ s la r g e s t  renew ab le  fu e l  
program , has a r a th e r  u n c e r ta in  f u t u r e .  A t th e  p re s e n t,  
th e  program  produces fu e l  a lc o h o l to  power some 30 % o f  
B r a s i l ’ s c a r  who run on h y d ra te d  a lc o h o l ( 96 x a lc o h o l
w ith  4 % w a te r  ) .  P e tr o l,u s e d  in  th e  rem a in in g  70 % o f  c a r  
c o n ta in s  20 -  22 X anhydrous a lc o h o l b lended in .  The
problem  fa c in g  th e  program  d iv id e  in to  3 c a te g o r ie s :
( i )  T e c h n ic a l ones : th e s e  r e la t e d  e s s e n t ia l ly  to  th e  
te c h n ic a l perfo rm ance o f  a lc o h o l en g in es  and to  c o rro s io n .  
D e s p ite  m o d if ic a t io n s  to  fu e l  p ip in g , ta n k s  and 
c a rb u re to rs  ( p la t in g  w ith  such m e ta ls  as z in c ,  t i n  and 
chromium ) c o rro s io n  problem s rem ain and fre q u e n t  
s e r v ic in g  is  e s s e n t ia l .  T h is  is  p a r t i c u l a r ly  t r u e  o f  
en g in es  from  th e  e r a  1982 -  1986. More modern en g in e s
o f f e r  b e t t e r  p e rfo rm a n ce .
( i i )  Economic ones W ith  a p e tro le u m  b a r r e l p r ic e  
anywhere le s s  th an  60 US$, a lc o h o l is  more ex p e n s iv e  to  
produce. W ith  th e  p re s e n t low p r ic e  f o r  w o rld  p e tro le u m  
( US$ 1 8 /b a r r e l  ) a heavy su bs idy  is  necessary  to  m a in ta in  
th e  p r ic e  d i f f e r e n t i a l  o f  a lc o h o l a t  th e  pump b e in g  30 X 
cheaper th a n  p e t r o l .  In  B r a z i l ,  p e t r o l  u sers  s u b s id is e  
a lc o h o l u s e rs . As a lc o h o l p ro d u c tio n  c o u ld  e a s i ly  be made 
more e f f i c i e n t ,  t h i s  le a d s  t o  th e  t h i r d  and p o s s ib ly  most 
s e r io u s  prob lem .
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( l i i )  P o l i t i c a l  : The S ta te  P e tro leu m  Company, P e tro b ra s , 
w hich is  re s p o n s ib le  f o r  a lc o h o l d is t r ib u t io n  in  th e  w hole  
o f  B r a z i l ,  is  known to  h o ld  s tro n g  re s e rv a t io n s  re g a rd in g  
th e  c o n t in u a t io n  o f  th e  P ro a lc o o l program  ( I t  has 
p ro b a b ly  a lw ays been p o l i t i c a l l y  a g a in s t  th e  program  ) .
P e tro b ra s  may w e ll  have been re s p o n s ib le  f o r  many 
" d i f f i c u l t i e s "  in  d is t r ib u t io n  in  p a s t y e a rs  w hich  
re s u lte d  in  emergency im p o rta tio n s  o f  m ethanol and 
European w in e-b ased  s p i r i t s  in  th e  p e r io d  8 9 /9 0  ( though  
th e s e  were in  p a r t  due to  d iv e rs io n  o f  cane ju ic e  to  sugar  
p ro d u c tio n  r a th e r  th an  a lc o h o l p ro d u c tio n  in  response to  
fa v o ra b le  w o rld  su gar p r ic e s  ) .
The Government is  fu n d in g  th e  developm ent o f  bus 
and lo r r y  en g in es  ( t o  use a lc o h o l ) based on ae ro e n g in e  
te c h n o lo g y . P re v io u s  a tte m p ts  a t  developm ent o f  b io d ie s e l  
f u e ls  have n o t met w ith  success .
U n fo r tu n a te ly  a lc o h o l p ro d u c tio n  is  in  th e  hands 
o f  a p o w e rfu l c la s s  ( U s in e iro s  o r  Sugar Barons ) w ith  a  
g r e a t  p o l i t i c a l  in f lu e n c e , who have e v e ry  reason to  
b e lie v e  t h a t ,  as in  th e  p a s t , th e y  w i l l  be a b le  to  
persuade th e  governm ent, m a in ly  f o r  s o c ia l  reaso n s , to  
s u b s id is e  t h e i r  i n e f f i c i e n t  in d u s try .
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1 .2  -  MICROBIAL GROWTH THEORY
1 .2 .1  -  GENERAL PRINCIPLE
The o b je c t  o f  q u a n t i t a t iv e  th e o ry  is  to  p r e d ic t  
th e  v a lu e s  o f  th e  grow th r a te  and th e  c o n c e n tra t io n  o f
biomass and s u b s tra te  under d i f f e r e n t  c o n d it io n s . A batch
c u ltu r e  is  an exam ple o f  a c lo sed  c u ltu r e  system  which
c o n ta in s  an i n i t i a l ,  l im ite d  amount o f  n u t r ie n t .
The in o c u la te d  c u ltu r e  w i l l  pass th ro ugh  a
number o f  phases ( see F i g . 1 . 2 . 1 . ) .  These phases r e f l e c t  
changes in  th e  biomass and i t s  en v iro n m e n t. The
e x p o n e n tia l phase can be d e s c rib e d  by th e  e q u a tio n ;
d x /d t  = ;ux ( 1 )
where x is  th e  c o n c e n tra t io n  o f  m ic ro b ia l  
biom ass, t  is  th e  tim e  (h )  and fj is  th e  s p e c i f ic  grow th  
r a t e ,  in  h o u r"^ .
On in t e g r a t io n ,  e q u a tio n  ( 1 )  g iv e s :
x^ = X Q .e ^ t ( 2 )
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Time
F ig u re  1 .2 .1  -  B atch grow th cu rve  w ith  6 phases
I )  Lag; I I  ) a c c e le r a t io n  grow th; I I I  ) e x p o n e n tia l 
grow th; IV  ) d e c e le r a t in g  grow th; V ) s ta t io n a r y  and 
V I ) d e c l in e .
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Where is  th e  o r ig in a l  biomass c o n c e n tra t io n ,  
X t is  th e  biomass c o n c e n tra t io n  a f t e r  th e  tim e  in t e r v a l ,  t  
( h ) ,  and e is  th e  base o f  th e  n a tu ra l lo g a r ith m . On ta k in g  
n a tu ra l lo g a r ith m s , e q u a tio n  ( 2 )  becomes ;
In x t  = In x g  + >ut (3 )
Thus a p lo t  o f  n a tu ra l lo g a r ith m  o f  biomass 
c o n c e n tra t io n  a g a in s t  t im e  shou ld  y ie ld  a s t r a ig h t  l in e ,  
th e  s lo p e  o f  which shou ld  equal >u.
D uring  th e  e x p o n e n tia l phase th e  organism  is
grow ing a t  i t s  maximum s p e c i f ic  grow th r a te  ( Mmax ) f o r  
th e  p r e v a i l in g  c o n d it io n s  and e q u a tio n  ( 2 ) p r e d ic ts  t h a t  
th e  grow th w i l l  c o n tin u e  i n d e f i n i t e l y .
However, grow th lead s  to  th e  consum ption o f
n u t r ie n ts  and th e  e x c r e t io n  o f  m ic ro b ia l p ro d u c ts ; e v en ts  
which in f lu e n c e  th e  grow th o f  th e  o rgan ism . Thus, a f t e r  a 
c e r t a in  t im e , th e  grow th r a t e  o f  th e  c u l tu r e  decreases
u n t i l  grow th f i n a l l y  ce ases .
The n a tu re  o f  l im i t a t io n  o f  grow th may be 
e x p lo re d  by grow ing th e  organism  in  th e  presence o f  a
range o f  s u b s tra te  c o n c e n tra t io n s .
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The decrease  in  grow th r a te  and th e  c e s s a tio n  o f  
g row th , due to  d e p le t io n  o f  s u b s tra te ,  may be d e s c rib e d  by 
r e la t io n s h ip  between >u and th e  re s id u a l g r o w th - l im it in g  
s u b s tra te  re p re s e n te d  in  e q u a tio n  (4 )  and ( 3 ) .
^  = ( /Jmax-S ) /  (Kq + S ) ( 4 )
Where S is  th e  re s id u a l s u b s tra te  c o n c e n tra t io n ,  
Kq is  th e  s a tu r a t io n  c o n s ta n t, n u m e r ic a lly  equal to  
s u b s tra te  c o n c e n tra t io n  when ja is  h a l f  yU^ax a
measure o f  th e  a f f i n i t y  o f  organism  f o r  i t s  s u b s tra te ^ ^ .
The k in e t ic s  o f  p ro d u c t fo rm a tio n  by m ic ro b ia l  
c u ltu r e s  in  term s o f  g ro w th -l in k e d  p ro d u c ts  and non-grow th  
l in k e d  p ro d u c ts  has been d iscussed  by P ir t ^ ^ .
The g ro w th -l in k e d  p rod ucts  may be co n s id ered  
e q u iv a le n t  to  p rim a ry  m e ta b o lite s  which a re  s y n th e s ize d  by 
grow ing c e l ls  and can be d e s c rib e d  by th e  e q u a tio n :
d p /d t  = Op.x ( 5 )
19
Where p is  th e  c o n c e n tra t io n  o f  p ro d u c t and Pp is  
th e  s p e c i f ic  r a te  o f  p ro d u c t fo rm a tio n . A ls o , th e  p ro d u c t 
fo rm a tio n  is  r e la t e d  to  biomass p ro d u c tio n  by e q u a tio n :
dp /dx  = Y p /x  (6 )
Where Y p /x  is  th e  y ie ld  o f  p ro d u c t in  term s o f  
s u b s tra te  consumed.
M u lt ip ly in g  th e  e q u a tio n  ( 6 ) by d x /d t  g iv e s :
d p /d t  = Y p /x .d x /d t  (7 )
b u t s u b s t i tu t in g  th e  te rm  d x /d t  = px g iv e s :
d p /d t  =Y p /x  -MX (8 )
com bining e q u a tio n s  (5 )  and ( 8 )  w i l l  have;
Pp = Y p /x  "W ( 9 )
From th e  e q u a tio n  ( 9 ) i t  may be seen t h a t  when 
p ro d u c t fo rm a tio n  is  grow th a s s o c ia te d  th e  s p e c i f ic  r a te  
o f  p ro d u c t in c re a s e  w ith  th e  s p e c i f ic  grow th r a t e .
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1.2.2. - CHEMOSTAT THEORY
A c u ltu r e  o f  m icrobes can be p ro long ed  by 
co n tin u o u s  a d d it io n  o f  f re s h  medium. The co n tin u o u s  
h a rv e s t in g  o f  any p ro d u c t can be in c re a s e d  by means o f  
th a t  system .
A chem ostat c u ltu r e  should  c o n s is t  o f  a 
p e r f e c t ly  m ixed suspension o f  biomass in to  which medium is  
fe d  a t  a c o n s ta n t r a te  and th e  c u ltu r e  is  h a rv e s te d  a t  th e  
same r a te  so t h a t  th e  c u ltu r e  volume rem ains c o n s ta n t.
A f t e r  th e  fo rm u la t io n  o f  th e  b a s ic  th e o ry  by 
Monod^^ and N ovick & S z i la r d ^ ^ , th e  chem ostat c u ltu r e  
in c re a s e d  th e  p e rs p e c tiv e  o f  a h ig h e r p r o d u c t iv i t y  in  th e  
fe rm e n ta t io n  p ro cess es .
A ccord ing  to  P i r t  th e  th re e  un ique purposes
o f  chem ostat c u l tu r e  in  th e  c o n tro l o f  grow th and 
b e h a v io u r o f  m icroorgan ism s a re :
( 1 ) The chem ostat p e rm its  biomass grow th r a te  to  be
v a r ie d  w ith  no change in  en vironm ent o th e r  th an  th e  
c o n c e n tra t io n  o f  g r o w th - l im it in g  s u b s tra te .  In  a s im p le  
batch  c u l t u r e ,  grow th r a te  changes can be o n ly  ach ieved  by 
q u a l i t a t i v e  changes in  n u t r i t io n  o r q u a n t i t a t iv e  change in  
p h ysicochem ica l c o n d it io n s  such as te m p e ra tu re  o r  pH 
v a lu e .
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( 2 ) The second purpose Is  th e  converse o f  ( i ) ,  t h a t  
is  to  f i x  th e  grow th r a te  w h ile  th e  en v iron m ent is  
a l t e r e d .  T h is  a llo w s  d is t in c t io n  between th e  e f f e c t s  o f  
grow th r a te  change and en v iron m ent change.
( 3 ) The t h i r d  purpose is  to  keep s u b s t r a te -1 i mi te d  
grow th w ith  a c o n s ta n t grow th r a t e .  S u b s tr a te -1im i te d  
grow th can be o b ta in e d  o n ly  t r a n s ie n t ly  in  a batch  c u ltu r e  
and i t  is  a lw ays accompanied by changing grow th r a te .
T h is  fu n c t io n  o f  th e  chem ostat w idens th e  p o s s ib le  
range o f  c o n s ta n t en v iron m ents  to  in c lu d e  n o t o n ly  th e  
extrem es o f  excess and e x h a u s tio n  o f  g r o w th - l im it in g  
s u b s tra te  bu t a ls o  a l l  th e  in te rm e d ia te  s t a te s .
E s s e n t ia l ly  th e  chem ostat method s im p l i f ie s  th e  
c u ltu r e  system  and th e re b y  f a c i l i t a t e s  th e  e lu c id a t io n  o f  
th e  re a c t io n  o f  th e  organism  to  i t s  en v iro n m e n t, and th e  
c o n tro l o f  m ic ro b ia l p ro cesses .
The advan tages o f  t h is  s im p l i f ic a t io n  a re  enhanced  
in  im portance when in te r a c t io n s  o f  two o r  more sp e c ies  in  
a c u ltu r e  a re  to  be in v e s t ig a te d  o r  c o n t r o l le d .
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1.2.3 - CONTINUOUS CULTURE
E x p o n e n tia l grow th in  batch  c u ltu r e  may be 
pro longed  by a d d it io n  o f  f re s h  medium to  th e  vesse l 
( see F ig  1 .2 ,3  ) .  The f lo w  o f  medium in to  th e  vesse l is  
r e la te d  to  th e  volume o f  th e  ve sse l by th e  te rm  d i lu t io n  
r a t e ,  D d e fin e d  as D = F /V , where F is  th e  f lo w  r a te  and V 
is  th e  volum e, th us  D is  expressed in  th e  u n its  o f  
re c ip ro c a l tim e  (h T ^ ).
The n e t change in  c e l l  c o n c e n tra t io n  o ver a tim e  
p e rio d  may be expressed  as:
d x /d t  = ( /u -  D )x  (1 0 )
Under s te a d y -s ta te  c o n d it io n s  th e  c e l l  
c o n c e n tra t io n  rem ains c o n s ta n t, th us  d x /d t  = 0 and 
u = D. Thus under s te a d y -s ta te  c o n d it io n s  th e  s p e c i f ic  
grow th r a te  is  c o n tr o l le d  by th e  d i lu t io n  r a t e .
S u b s t itu t in g  m  = < Pmax*^ ) / (  Kq + S ) in to  
e q u a tio n  ( 10 ) ,  th en









FIG  1 .2 .3  -  D iagram m atic  re p re s e n ta t io n  o f  th e
ch em ostat. The biomass and g r o w th - l im it in g  s u b s tra te  
c o n c e n tra t io n s  a t  d i f f e r e n t  p o in ts  a re  re p re s e n te d  by x 
and s r e s p e c t iv e ly ;  F is  th e  f lo w  r a te  and V is  th e  
c u ltu r e  volum e.
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The n e t change in  th e  re s id u a l grow th l im i t in g
s u b s tra te  c o n c e n tra t io n  may be d e sc rib e d  by th e  e q u a tio n
below ;
d s /d t  = DSp -  OS -  Wmax"X/Y ( S/Kg + 8 ) (1 2 )
A t s te a d y -s ta te  both d s /d t  and d x /d t  equal z e ro ,
th en  th e  v a lu e  f o r  x and 8 in  s te a d y -s ta te  a re  g iven  by
th e  e x p re s s io n :
X = Y ( 8 r  -  S ) (1 3 )
and
8 = ( Kq.D ) / (  fJmax "  D ) ( 1 4 )
Where x is  th e  s te a d y -s ta te  c e l l  c o n c e n tra t io n  and 
8 is  th e  s te a d y -s ta te  re s id u a l s u b s tra te  c o n c e n tra t io n .
The e q u a tio n  (1 4 )  e x p la in  th e  mechanism whereby D 
c o n tro ls  u .
C e ll  grow th w i l l  r e s u l t  in  th e  d e p le t io n  o f  
s u b s tra te  u n t i l  r e s id u a l s u b s tra te  c o n c e n tra t io n  e q u a ls  
th e  s u b s tra te  c o n c e n tra t io n  which w i l l  su p p o rt th e  grow th  
r a te  equal to  th e  d i lu t io n  r a t e .
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I f  th e  s u b s tra te  is  d e p le te d  below th e  le v e l t h a t
w i l l  su p p o rt th e  r e le v a n t  grow th r a t e ,  c e l ls  w i l l  be
washed o u t a t  a r a te  g r e a te r  th an  th ey  a re  be ing  produced  
and S w i l l  in c re a s e  r e s u lt in g  in  an in c re a s e  in  th e  grow th  
r a te  and th e  b a lan ce  would be re s to re d . Thus, th e  system  
is  a s e l f -b a la n c in g  one.
The maximum grow th r a te  is  o b ta in e d  when S = S^, 
In s e r t in g  t h is  v a lu e  in  e q u a tio n  (4 )  we have
/ j  -  = ^ m a x '^ r /(  ^ r^  ^s ) (1 5 )
Where is  th e  c r i t i c a l  d i lu t io n  r a t e ,  a t  which
v a lu e  th e  s te a d y -s ta te  biomass c o n c e n tra t io n  is  z e ro .
I f  >> Kg i t  fo llo w s  from  e q u a tio n  (1 5 )  t h a t
Dc = Aimax"
When s >> Kg we can p u t ju = Ai^ax 1^ e q u a tio n  (1 0 )  
and on in te g r a t io n  o b ta in
In  X = ( /Jmax ~ D ) t  + In  Xg (1 6 )
I f  we make D > Dp in  th e  chem ostat, th e  c u ltu r e
biomass d e c re a s e s , o r  washout occurs  ac c o rd in g  to
e q u a tio n  (1 6 )  and th e  s lo p e  o f  lo g a r ith m ic  p lo t  is
( AJfnax -  D ) ,  which g iv e s  th e  v a lu e  o f  yU^ax*
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For th e  chem ostat c u ltu r e  th e  r a te  o f  o u tp u t o f  
biomass per u n i t  o f  c u ltu r e  is  g iven  by R = Dx and in  
s te a d y -s ta te  we have
R — D Y  ^ r  "  K g D /  ( ^  ^  ( 1 7 )
The biomass o u tp u t r a te  reaches a maximum a t  
d i lu t io n  r a te  D^, w hich is  o b ta in e d  by d i f f e r e n t i a t i n g  R 
w ith  re s p e c t to  D and e q u a tin g  th e  d e r iv a t iv e  to  z e ro .  
Thus we f in d  t h a t ;
^m “ '^max ^  ( Kg/ Sp + Kg) (1 8 )
S u b s t itu t in g  in  e q u a tio n  ( 1 3 ) ,  we o b ta in  f o r  th e  
s te a d y -s ta te  biomass a t  D^,
Xm == Y |S r  + Kg -  ^Kg( S r  + Kg ) ]  1 /2 (1 9 )
I f  Sp >> Kg th en  f o r  th e  maximum o u tp u t r a te  we have
*^ m^ m ^  *^mY8p (2 0 )
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1 .2 .4 .  -  THEORY OF CONTINUOUS CULTURE WITH FEEDBACK 
OF BIOMASS
A chem ostat f i t t e d  w ith  some d e v ic e  to  in c re a s e  
th e  biomass c o n c e n tra t io n  above v a lu e s  p o s s ib le  in  th e  
s im p le  chem ostat, t h a t  is  Y ( S r - S  ) ,  is  term ed a 
chem ostat w ith  feedback o f  biom ass, H e rb e rt^ ® ; P i r t  & 
Kurowski .
A ccord ing  to  P i r t ^ ^ ,  th e  c o n c e n tra t io n  o f  
biomass may be ach ieved  in  v a r io u s  ways ( see F i g . 1 .2 .4 ;
( a ) ,  ( b ) ,  ( c ) ,  (d )  ) .
In  system  (a )  a c e l l - f r e e  o r  d i lu t e  biomass 
stream  is  removed by f i l t r a t i o n  and th e re  is  a ls o  an 
o u t le t  f o r  th e  c o n c e n tra te d  biomass suspens ion . In  system
(b )  th e  c u ltu r e  is  d iv id e d  in to  two zones, an a g ita te d  
homogeneous zone a t  th e  base where th e  grow th occurs  and, 
above th e  b a f f l e  p la te  , a s e d im e n ta tio n  zone, v i r t u a l l y  
w ith o u t g ro w th , in  which th e  biomass can sed im ent and 
re tu rn  to  th e  a g ita t e d  zone. Thus a c e l l - f r e e  o r  d i lu t e  
stream  o f  biomass le a v e s  th e  to p  o f  th e  fe rm e n te r  and th e  
c o n c e n tra te d  biomass suspension lea ves  from  an o u t le t  in  
t e  grow th zone.
In  th e  "monostream" system  (c )  i t  is  assumed t h a t  
th e  biomass is  c o n c e n tra te d  by f i l t a t i o n  o r  s e d im e n ta tio n  
in  th e  o u t le t  s tream  and th e r  is  no o u t le t  f o r  th e  
c o n c e n tra te d  biom ass.
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In  system  (d )  th e  biomass is  c o n c e n tra te d  o u ts id e  
th e  fe rm e n te r  and th e  c u ltu r e  is  s e p a ra te d  in to  two 
stream s o f  biomass one d i lu t e  and one c o n c e n tra te d ; a p a r t  
o f  c o n c e n tra te d  s tream  is  fe d  back to  th e  fe rm e n te r .
The systems ( a ) ,  (b )  and (c )  a re  re p re s e n te d  by
in te r n a l  feedback model and system (d )  by th e  e x te r n a l  
feedback m odel. We w i l l  c o n s id e r th e  model d e p ic te d  in  
F ig . 1 .2 .4  (d )  due to  i t s  d i r e c t  r e la t io n s h ip  w ith  our
work.
In  system  (d )  th e  e f f lu e n t  c u ltu r e  is  passed 
th rough  a s e p a ra to r , f o r  exam ple a c e n t r i fu g e ,  which  
c o n c e n tra te s  th e  biomass and produces both d i lu t e  and 
c o n c e n tra te d  stream s o f  biom ass. P a r t  o f  th e  c o n c e n tra te d  
stream  is  fe d  back to  th e  c u ltu r e  v e s s e l. The o v e r a l l  
d i lu t io n  r a te  is  g iven  by F /V  = D where V is  th e  c u ltu r e  
volum e. The c u l tu r e  o u tf lo w  r a te  is  g iven  by th e  e q u a tio n  
below , where a is  th e  f r a c t io n  o f  th e  o u tflo w  l iq u id  
stream  which is  fe d b a c k .
F g  =  F  +  a F g  (2 1 )
From e q u a tio n  (2 1 )  i t  fo l lo w s  th a t





















FIG 1 .2 .4  -  V a rio u s  systems f o r  feedb ack o f  biomass
1n a chem ostat: ( a )  In te r n a l  f i l t r a t i o n ;  (b )  In te r n a l
s e d im e n ta tio n ; ( c )  monostream feed b ack ; (d )  e x te rn a l  
fe e d b a c k . Symbols: F and Fg a re  flo w  r a te s ;  x Is  biomass 
c o n c e n tra t io n ;  s and s^ a re  grow th -  l im i t in g  s u b s tra te  
c o n c e n tra t io n s  and c , g and h a re  c o n s ta n ts  d1m ension less .
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The s e p a ra to r  c o n c e n tra te s  th e  biomass by th e  
f a c t o r  g and s in c e  th e  amount o f  biomass fe d  back is  agFg, 
i t  can be seen t h a t  ag is  th e  f r a c t io n  o f  biomass le a v in g  
th e  fe rm e n te r , which is  fe d  back. The biomass ba lan ce  f o r  
th e  c u ltu r e  is  g iv e n  by
N et grow th = grow th -  o u tp u t + feedback  
which f o r  th e  whole c u ltu r e  w i l l  be
V .dx = V jux.dt -  F g X .d t + a F g g x .d t (2 2 )
s u b s t i tu t in g  f o r  Fg ( E q .2 1a  ) and d iv id in g  th rough by 
V .d t ,  e q u a tio n  (2 2 )  becomes
d x /d t  = AJX -  D x /(  1 -a  ) + ag D x/( 1 -a  ) (2 3 )
and in  s te a d y -s ta te  when d x /d t  = 0 we have
( AJ -  pD )x  = 0 (2 4 )
where p  = ( 1 -ag  ) / (  1 -a  )
The f a c t o r  p is  a p o s i t iv e  f r a c t io n  because  
1 > ag > a .
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I f  ag = 1, i t  would mean th a t  a l l  th e  biomass is
fe d  back and th e re  co u ld  no t be a s t e a d y -s ta te .  In  th e
s te a d y -s ta te ,  ju = p o , th us  ju < D.
S u b s t itu t in g  ju = P m ax '® /( s + K@ ) we o b ta in
s = pO Ks/( )Umax ~ PD ) (2 5 )
For th e  g r o w th - l im it in g  s u b s tra te  b a lan ce  we have
n e t r a te  = in p u t + feedback -  o u tp u t -  s u b s tra te  
o f  in c re a s e  r a te  r a te  r a te  u t i l i z e d
f o r  grow th
t h a t  i s ,  p e r u n i t  o f  volume 
d s /d t  =DSp + a D s /(1 - a )  -  D s / ( 1 -a )  -  jUx/Y (2 6 )
w hich reduces to  th e  e q u a tio n  f o r  d s /d t  in  th e  s im p le
chem ostat th a t  i s ,  d s /d t  = D( s^ -  s ) -  Jjx /Y .
S u b s t itu t in g  ju = pD in  t h a t  e q u a tio n  we o b ta in  f o r  
th e  s te a d y -s ta te  o f  x ;
s = ( Sp -  s )Y /p  (2 7 )
where 1 /p  is  th e  c o n c e n tra t io n  f a c t o r .
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The c r i t i c a l  d i lu t io n  r a te  (D ^) w i l l  occur when 
8 = Sr and i f  >> Kg, D^, Ju^ax/P" The c o n c e n tra t io n  o f  
biomass (h x ) in  th e  d i lu t e  biomass e f f lu e n t  is  o b ta in e d  
from  th e  biomass b a la n c e ;
FgX = aFggx + cFgx + ( 1 -  c )Fhx (2 8 )
and s u b s t i tu t in g  f o r  Fg we o b ta in ;
h = ( p -  eg ) / (  1 -  c ) (2 9 )
The r a te  o f  o u tp u t o f  biomass p er u n i t  volume o f  
system  w i l l  be
R = FgX/V -  aFggx/V  (3 0 )
and on s u b s t i tu t in g  f o r  Fg we f in d
R = pOx (3 1 )
The chem ostat w ith  feedback o f  biomass a llo w  
o p e ra tio n s  a t  d i lu t io n  r a te s  which g r e a t ly  exceed th e  
co rres p o n d in g  ju^nax. The maximum d i lu t io n  r a te  p o s s ib le  
depending on th e  v a lu e  o f  th e  feedback f a c t o r  p .
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By means o f  biomass fe ed b ack , th e  maximum o u tp u t  
r a te  o f  biomass and p ro d u c t in  a chem ostat w ith  a g iven  
medium can be in c re a s e d . The system  is  advantageous a ls o  
when th e  c o n c e n tra t io n  o f  g r o w th - l im it in g  s u b s tra te  has to  
be l im ite d  because o f  th e  fo rm a tio n  o f  an in h ib i t o r y  
p ro d u c t.
34
1 .3  -  SUMMARY OF THERMAL AND ETHANOL TOLERANCE IN  YEAST
1 .3 .1  -  THERMAL TOLERANCE
Tem perature  e x e r ts  an im p o rta n t in f lu e n c e  on 
a l l  asp ec ts  o f  m ic ro b ia l p h y s io lo g y . V a rio u s  asp ec ts  o f  
th erm a l e f f e c t s  on y e a s ts  may be found in  e a r l i e r  rev iew s  
on te m p e ra tu re  e f f e c t s  on y e a s ts  1 8 ,1 9 ,2 0 ,2 1
M ic ro o rg an ism s, u n l ik e  h ig h e r  organ ism s, have 
no means o f  th e rm a l r e g u la t io n  and c o n se q u en tly  t h e i r  
i n t r a c e l l u l a r  te m p e ra tu re  must be equal to  th a t  o f  th e  
en v i ronm ent.
E le v a te d  te m p e ra tu re s  in c re a s e  th e  r a te s  o f  
enzym ic re a c t io n s  However, in d iv id u a l s p e c ie s  have a 
r e l a t i v e l y  narrow  te m p e ra tu re  range f o r  grow th o f  a t  most 
40 to  50 degrees c e n t ig ra d e s .
T h e re fo re , a l l  m e ta b o lic  a c t i v i t i e s  in c lu d in g  
s p e c i f ic  grow th r a t e ,  e th a n o l p ro d u c tio n  r a t e ,  
fe rm e n ta t io n  r a t e ,  n u t r ie n t  re q u ire m e n t, s u b s tra te  u p ta k e , 
v i a b i l i t y  and o th e r  f a c to r s ,  a re  a l l  in f lu e n c e d  by 
te m p e ra tu re ^ ^ * 2 6 ,2 6 ,2 7
The te m p e ra tu re  range t h a t  w i l l  s u p p o rt  
m ic ro b ia l l i f e  is  e x te n s iv e , ran g in g  from  s e v e ra l degrees  
below th e  f r e e z in g  p o in t  o f  w a te r  to  a few degrees below  
i t s  b o i l in g  p o in t
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M icroorgan ism s w ith  a maximum te m p e ra tu re  f o r  
grow th ( T^ax ) o f  g r e a te r  th an  50 a re  r e fe r r e d  to  as 
th e rm o p h il ic ,  between a p p ro x im a te ly  20 to  50 a re
c la s s i f ie d  as m e s o p h ilic  and organism s w ith  a maximum 
te m p e ra tu re  f o r  grow th equal o r  below 20 , a re
c o n s id ered  p s y c ro p h i1 i c .
The most im p o rta n t s p e c ie s  o f  m icroorganism s used 
in  th e  fe rm e n ta tio n  processes belongs to  th e  m e s o p h ilic  
group. A lthough th e re  is  a c o n s id e ra b le  b io te c h n o lo g ic a l  
in t e r e s t  and advan tage in  em ploying th e rm o p h ilic  
organism s.
The optimum te m p e ra tu re  which s u p p o rt th e  h ig h e s t  
maximum s p e c i f ic  grow th r a te  l i e s  w ith in  th e  range v a lu e s  
s e t by minimum te m p e ra tu re  ( T^-jn ) and maximum 
te m p e ra tu re  ( T^ax
1 ,3 .1 .1  -  EFFECT ON MEMBRANE COMPOSITION IN  YEAST
E le v a te d  te m p e ra tu re s  a re  known to  s t im u la te  an 
a d a p tiv e  response ( homeosviscous a d a p ta tio n  ) in  b a c te r ia  
by in c re a s in g  th e  amount o f  u n s a tu ra te d  f a t t y  a c id ,  
in c re a s in g  th e  amount o f  branched f a t t y  a c id , d e c re a s in g  
th e  f a t t y  a c id  c h a in  le n g th s  and th e  amount o f  c y c l ic  
f a t t y  a c id  in  th e  membrane in  o rd e r  to  m a in ta in  c o n s ta n t  
membrane f l u i d i t y  80 ,31^
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A s im i la r  a d a p ta t iv e  response has been found w ith  
y e a s t s t r a in s  from  brew ing in  which a re d u c tio n  in  th e  
fe rm e n ta tio n  te m p e ra tu re  from  20 to  8 *^0, produced an 
in c re a s e  in  f a t t y  a c id  s y n th e s is , p a r t ic u l a r ly  u n s a tu ra te d
f a t t y  a c id 32
U n s a tu ra ted  f a t t y  a c id s , more so p o ly u n s a tu ra te d , 
have low er m e lt in g  p o in ts  th an  s a tu ra te d  and so an 
in c re a s e  in  f a t t y  a c y l u n s a tu ra tio n  would le a d  to  enhanced 
membrane f l u i d i t y .  T h is  in c re a s e s  th e  re s is ta n c e  o f  a 
y e a s t c e l l  to  th e  e n tr y  o f  e th a n o l th e re b y  enhancing  
to le ra n c e  to  h igh  e x t r a c e l lu la r  e th a n o l le v e ls .
However, t h is  m igh t a llo w  th e  accu m u la tio n  o f
i n t r a c e l l u l a r  e th a n o l, because e th a n o l e f f lu x  is  a ls o
in h ib i t e d .  T h e re fo re , a t  h ig h e r te m p e ra tu re s  th e
i n t r a c e l l u l a r  e th a n o l le v e ls  a re  more im p o rta n t f o r  th e
in h ib i t io n  o f  g ly c o ly s is  and fe rm e n ta tio n  th an  f o r  grow th  
3 3 ,3 4
T h is  im p lie s  t h a t  f o r  enhanced e th a n o l p ro d u c tio n ,  
th e  te m p e ra tu re  o f  a b a tch  process shou ld  be m a in ta in e d  
r e l a t i v e l y  low . T h is  is  th e  case w ith  sake brew ing in  
Japan where a low te m p e ra tu re  fe rm e n ta tio n  ( about 8 
degrees c e n tig ra d e  ) a llo w s  th e  y e a s t to  t o le r a t e  up to  23 
% ( v /v  ) e th a n o l.
/r.v - - /v'" V': ' v.r': h:; \ /-%( =\:^ ÿ : . - .
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However, in c re a s e s  in  fe rm e n ta tio n  tim e s  a t  low er  
te m p e ra tu re s  n e c e s s ita te  h ig h e r  inoculum  c o n c e n tra t io n s ,  
as w e ll as s u b s ta n t ia l  in c re a s e s  in  e x p e n d itu re  on 
co o lin g ^ ® . The e th a n o l y ie ld s  o f  s e v e ra l s p e c ie s  o f  y e a s t  
has been te s te d  and shown to  decrease w ith  in c re a s in g  
fe rm e n ta t io n  te m p e ra tu re .
The m e s o p h ilic  Saccharomyces c e r e v is ia e  s t r a in s
te s te d  ( T^qx f o r  grow th o f  about 42 *^ C ) co u ld  produce up
to  15 % ( v /v  ) e th a n o l a t  22 from  g lu c o s e , b u t a t  37
Oq th e  maximum y ie ld  was 12 % ( v /v  ) .
In  com parison , th e  most th e rm o to le ra n t s t r a in  
te s te d  Zygosaccharomyces fe r m e n t â t i  ^ produced no more than  
7 .5  % ( v /v  ) a t  37 °C .
The h ig h e s t - y ie ld in g  o f  th e  th e rm o to le ra n t s t r a in s  
was Candida b ra s s ic a e  which produced an e th a n o l 
c o n c e n tra t io n  o f  5 % ( v /v  ) a t  42
S a ’ -C o r r e ia  and van Uden found th a t  th e
converse is  a ls o  t r u e  in  t h a t  th e  a d d it io n  o f  e th a n o l to  
th e  c u ltu re s  o f  y e a s t reduces t h e i r  th e rm o to le ra n c e .
The a d d it io n  o f  in c re a s in g  c o n c e n tra t io n  o f  e th a n o l 
to  th e  y e a s t c u l tu r e  p ro g re s s iv e ly  depresses th e  
v a lu e  f o r  grow th and in c re a s e  th e  T^^in v a lu e . Thus, 
e th a n o l reduces th e  te m p e ra tu re  l im i t s  w ith in  which a 
s t r a in  o f  y e a s t is  a b le  to  grow.
'  ;  ‘ ’ V  ■ . ' ' .'-.i - , ' r . :  V ; .- ' « - - ir :. Lilv
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The a d d it io n  o f  th e  maximum t o le r a b le  
c o n c e n tra t io n s  o f  e th a n o l 11 % ( v /v  ) to  a s t r a in  o f
Saccharomyces c e r e v is ia e  reduced th e  te m p e ra tu re  range f o r  
grow th by in c re a s in g  th e  T^^^ v a lu e  from  3 to  a v a lu e  o f  
13 ^C, and decrease T^^^ v a lu e  from  42 to  27 ^C.
In  Kluyveromyces f r a g i l i s ,  a th e rm o to le ra n t y e a s t ,  
th e  maximum t o le r a b le  c o n c e n tra t io n  o f e th a n o l, 8 % ( v / v )  
was le s s  th an  t h a t  f o r  th e  m e s o p h ilic  Saccharomyces 
c e r e v is ia e  s t r a in  and th e  e f f e c t s  o f  e th a n o l on th e  grow th  
te m p e ra tu re  were more s e v e re .
In  both  th e  m e s o p h ilic  and th e  th e rm o to le ra n t  
s t r a in s ,  th e  a d d it io n  o f  th e  maximum t o le r a b le  e th a n o l 
c o n c e n tra t io n s  produced s im i la r  te m p e ra tu re  range f o r  
g ro w th . The th e rm o to le ra n t  y e a s t was, how ever, more 
s e n s i t iv e  to  th e  e f f e c t s  o f  e th a n o l on th e  grow th  
te m p e ra tu re s .
The e f f e c t s  o f  e th a n o l and te m p e ra tu re  on membrane 
f l u i d i t y  a re  a n ta g o n is t ic  and th e r e fo r e ,  in c re a s e s  in  
te m p e ra tu re  enhance th e  in h ib i t o r y  e f f e c t  o f  e th an o l and 
v ic e -v e r s a .
39
Any a d a p ta t iv e  response on th e  p a r t  o f  a y e a s t to  
e le v a te d  te m p e ra tu re s  by red u c in g  th e  p ro p o r tio n s  o f  
u n s a tu ra te d  f a t t y  a c id s  p re s e n t in  th e  membrane would  
th e r e fo r e  in c re a s e  th e  in h ib i t o r y  e f f e c t s  o f  e th a n o l 
because u n s a tu ra te d  f a t t y  a c id s  ( p a r t i c u l a r ly  
p o ly u n s a tu ra te d  ) when in c o rp o ra te d  in  th e  membrane have 
been shown to  c o n fe r  e th a n o l to le ra n c e ^ ® .
T h is  m ig h t e x p la in  th e  d if fe r e n c e s  in  th e  e th a n o l 
to le ra n c e s  o f  a m e s o p h ilic  Saccharomyces c e r e v is ia e  s t r a in  
and th e  th e rm o to le ra n t  Kluyveromyces f r a g i l i s ,
M e s o p h ilic  y e a s ts  have a g re a te r  p ro p o r tio n  o f  
p o ly u n s a tu ra te d  f a t t y  a c id  in  com parison w ith
th e rm o to le ra n t y e a s ts ^ ^ , and th e r e fo r e  more r e s is t a n t  to  
e th a n o l b u t le s s  r e s is t a n t  to  e le v a te d  te m p e ra tu re .
Leao and van Uden^^, measured th e  v i a b i l i t y  o f  a 
s t r a in  o f  Saccharomyces c e r e v is ia e  in  th e  presence o f  a 
v a r ie t y  o f  a lc o h o ls , d i f f e r i n g  in  h y d ro p h o b ic ity  ( c h a in  
le n g th  ) and p o la r i t y  ( number o f  h yd ro xy l groups ) ,  a t  
te m p e ra tu re s  g r e a te r  th an  th e  Tem perature optimum f o r  
grow th .
I t  was found t h a t  th e  g r e a te r  th e  l i p i d  s o l u b i l i t y  
o f  th e  a lc o h o l th e  more e f f e c t i v e  was th e  a lc o h o l in  
enhancing th erm a l d e a th . T h e re fo re , th e  a c t io n  o f  a lc o h o ls  
is  n o n -s p e c if ic  and dependent upon t h e i r  l i p i d  s o l u b i l i t y .
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T h is  is  i n d i c a t i v e  o f  th e  membrane as being th e  
p r in c ip a l  t a r g e t  f o r  th e  re d u c t io n  in  th e rm o to le ra n c e  and 
th e  enhancement o f  th erm a l death  in  y e a s t  by a lc o h o ls .
They a ls o  proposed t h a t  th e r e  a re  s p e c i f i c  t a r g e t  
s i t e s  ( th erm al death  s i t e s  ) p re s e n t  in  y e a s t  membrane 
which a re  t e m p e r a t u r e - s e n s i t iv e .  The number o f  th e  s i t e s  
a f f e c t e d ,  and th e  degree o f  d is o rd e r  caused by e le v a te d  
te m p e ra tu re s  on th e s e  t a r g e t  s i t e s  m ight r e s u l t  in  therm al 
d e a th .
A lc o h o ls  p re s e n t  in  th e  membrane l i p i d  b i l a y e r  a t  
th e  v i c i n i t y  o f  th e s e  t a r g e t  s i t e s  would in c re a s e  th e  
d is o r d e r  in  th e  re g io n  e n a b l in g  a g r e a t e r  degree o f  
d is o r d e r  a t  low er te m p e ra tu re s  r e s u l t in g  in  re d u c t io n  in  
Tmax» enhanced th erm a l d e a th .
Ryu and Kwon^®, in v e s t ig a te d  th e  e f f e c t s  o f  
fe rm e n ta t io n  te m p e ra tu re  in  th e  batch fe rm e n ta t io n  o f  h igh  
sucrose c o n c e n tra t io n  30 % ( w /v ) by a s t r a i n
Saccharomyces c e r e v is ia e .
The te m p e ra tu re  optimum f o r  growth was found t o  be 
35 ^C. H o w e ver.th e  maximum f i n a l  c o n c e n tra t io n  o f  biomass 
were o b ta in e d  o n ly  a t  25 ^C. The maximum e th a n o l
p r o d u c t iv i t y  ( g /L .h  ) was ach ieved  n e ar 40 ®C, however, 
th e  maximum f i n a l  e th a n o l c o n c e n tra t io n  ( 140 g /L  ) and
n e a r ly  com plete  u t i l i z a t i o n  o f  sucrose o c u rre d  between 20 
and 2 5 *0 .
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Bottema e t  a l . 4 1 , showed t h a t  no p h o s p h o lip id  phase  
t r a n s i t i o n s  o c u rre d  o v er  te m p e ra tu re s  rang in g  from 15 t o  
40 in  membranes from  w i ld ty p e  Saccharomyces c e r e v is ia e  
because o f  th e  presence o f  e r g o s t e r o l , th e  main s t e r o l  in  
y e a s t membrane.
In  com parison, phase t r a n s i t i o n s  o c u rre d  between 22 
and 25 in  membrane from s t e r o l  a u x o tro p h ic  m utants .
T h e re fo re ,  th e  presence o f  s t e r o ls  seems to  reduce th e  
d is o r d e r in g  e f f e c t s  o f  e le v a te d  te m p e ra tu re s  on th e  
f l u i d i t y  membranes.
A la r g e r  number o f  te m p e r a tu r e -s e n s i t iv e  c e l l u l a r  
c o n s t i tu e n t s  o r  processes have been d e te c te d  in  a wide  
v a r i e t y  o f  y e a s t .  T h e rm o to le ra n t  y e a s t  m ight be expected  
to  possess c e l l u l a r  c o n s t i tu e n t s  o f  g r e a t e r  r e s is ta n c e  
than  those o f  m e s o p h i l ic  y e a s ts .
In  m e s o p h i l ic  y e a s ts ,  f o r  example Saccharomyces 
c e r e v is ia e  and Candida a lb ic a n s ,  th e  s p e c i f i c  growth and 
therm al death  r a te s  a re  a s s o c ia te d  a t  te m p e ra tu re s  g r e a t e r  
than  Tem perature optimum f o r  growth ( T^p^ ) .
In  t h i s  ca se , th e  re d u c t io n  in  s p e c i f i c  growth r a t e  
a t  te m p e ra tu re  in  excess o f  Tgp^ is  due t o  a co m bination  
o f  d é n a tu r a t io n  e v e n ts ,  some o f  which slow down c e l l  
m u l t i p l i c a t i o n ,  and some t h a t  a re  l e t h a l ,  r e s u l t in g  in  
c e l l  d e a th .
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A t th e  Tmax v a lu e ,  c e l l  m u l t i p l i c a t i o n  ceases and 
a t  a h ig h e r  te m p e ra tu re  th e r e  is  a p ro g re s s iv e  in c re a s e  in  
th erm a l death  r a t e .  I t  is  no t known which c e l l u l a r  
c o n s t i t u e n t  o r  p ro c ess , e s s e n t ia ls  f o r  c e l l  
m u l t i p l i c a t i o n s ,  is  th e  most e a s i l y  d e n a tu ra te d  a t  th e  
Tmax v a lu e  and is  t h e r e f o r e  th e  p r in c ip a l  d e te rm in in g  
f a c t o r  o f  th e  T^ax v a lu e  o f  a s t r a i n  o f  y e a s t .
I f  th e  p r in c ip a l  d e te rm in a n t  o f  th e  T^ax v a lu e  in  
a th e r m o to le ra n t  s t r a i n  were known, then  t h i s  m ight e n a b le  
th e  g e n e (s )  in v o lv e d  t o  be c h a r a c t e r is e d ,  c loned  and used 
t o  t ra n s fo rm  a m e s o p h il ic  s t r a i n  to  th e r m o to le ra n t  w h i l s t  
s t i l l  r e t a in in g  th e  advantageous a t t r i b u t e s  o f  th e  
m e s o p h il ic  s t r a i n ,  such as e th a n o l to le r a n c e  and 
p ro d u c tio n  .
The use o f  th e r m o to le ra n t  y e a s t  is  o b v io u s ly  o f  
p a r t i c u l a r  re le v a n c e  in  t r o p i c a l ,  d e v e lo p in g  re g io n s . A 
th e r m o to le ra n t  s t r a i n  o f  Candida p s e u d o tro p ic a l  is  C -23  
( r e v is e d  nom encla ture  i s  Kluyveromyces f r a g i l i s ;  Lodder 
4^ ) ,  is  used to d ay  in  s e v e ra l  Cuban d i s t i l l e r i e s  where i t  
perform s w e l l  under t r o p i c a l  c o n d it io n s  in  th e  i n d u s t r i a l  
batch fe rm e n ta t io n  o f  molasses to  e th a n o l .
The f e r m e n ta t iv e  e f f i c i e n c y  us ing  0 -2 3  s t r a i n  was
1 0 .2  % h ig h e r ,  which re p re s e n te d  a d ecrease  in  r e s id u a l  
molasses and in c re a s e  in  e th a n o l p ro d u c t io n ,  in  comparison  
w ith  th e  t r a d i t i o n a l  Saccharomyces c e r e v is ia e  s t r a in s 4 ^ .
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I n d u s t r i a l  e th a n o l fe rm e n ta t io n  by y e a s ts  a re
g e n e r a l ly  c a r r ie d  o u t  in  th e  range 25 -  35 s in c e
te m p e ra tu re  c lo s e  to  40 have adverse e f f e c t s 1 8 * 2 0 ,4 4
A lthough y e a s t  growing a t  and above 40 have been
re p o rte d  46 ,46^  o n ly  l im i t e d  r e p o r ts  o f  h i g h - y ie ld
e t h a n o l ic  fe rm e n ta t io n  by such organism a re  a v a i l a b l e
4 7 ,4 8 ,4 9 ,5 0 i •
The p o t e n t ia l  economic b e n e f i t s  in  e th a n o l
p ro d u c tio n  a t  h ig h e r  te m p e ra tu re s  ( 40 o r  above ) have  
g e nera ted  c o n s id e ra b le  i n t e r e s t  in  th e  s e le c t io n  o f  y e a s t  
s t r a in s  r e s i s t a n t  a t  e le v a te d  te m p e ra tu re s .
For exam ple, i t  has been e s t im a te d  t h a t  30 -  36 %
o f  th e  fe rm e n ta t io n  c o s ts  in c u rre d  in  e th a n o l p ro d u c tio n
a t  32 a re  th e  r e s u l t  o f  th e  c o o l in g  p rocess^1.
In  d i s t i l l e r i e s  in  a t r o p i c a l  c o u n try  such as 
B r a z i l ,  th e  energy  c o s ts  o f  m echanical r e f r i g e r a t i o n  a re  
to o  h igh  r e s u l t in g  in  fe rm e n ta t io n  b ro th  te m p e ra tu re s  in  
excess o f  40 ®C. The use o f  th e r m o to le ra n t  s t r a in s  in  
such s i t u a t i o n s  c o u ld  p ro v id e  c o n s id e ra b le  economic  
ad van tag es .
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1.3.2 - ETHANOL TOLERANCE
E con o m ica lly  e f f i c i e n t  in d u s t r i a l  fe rm e n ta t io n s  
r e q u ir e  h igh  s u b s t ra te  c o n c e n tra t io n s  f o r  th e  p ro d u c tio n  
o f  h igh  le v e ls  o f  e th a n o l p r i o r  to  d i s t i l l a t i o n .  I t  i s  
necessary  however t o  s e le c t  y e a s t  s t r a i n s  which a re  
o s m o to le ra n t ,  th e r m o to le ra n t  ( to  w ith s ta n d  in c re a s e s  in  
fe rm e n ta t io n  te m p e ra tu re s  due to  m e ta b o l ic a l ly -g e n e r a te d  
h e a t  ) and e th a n o l t o le r a n t ® ^ .
I t  is  w e l l  known t h a t  th e  e th a n o l produced d u r in g  
th e  fe rm e n ta t io n  o f  g luco se  by y e a s t  e v e n t u a l ly  reaches a 
c o n c e n tra t io n  a t  which i t  i n h i b i t s  y e a s t  m etabo lism ,and  
th e  f u r t h e r  co n v e rs io n  o f  s u b s t r a te .  T h is  s e n s i t i v i t y  o f  
y e a s t  t o  a lc o h o l re p re s e n ts  an im p o rta n t  l i m i t a t i o n  in  th e  
p ro d u c tio n  o f  e th a n o l by la r g e - s c a le  i n d u s t r ia l  
fe rm e n ta t io n ® ^ . The i n h i b i t o r y  e f f e c t s  o f  e th a n o l have 
been d e f in e d  in  a number o f  ways ( see van Uden^^ ) .
Brown e t  a l . ® 4 ,  re p o r te d  on th e  im mediate e f f e c t s  
o f  e th a n o l on y e a s t  growth r a t e ,  fe rm e n ta t io n  r a t e  and 
c e l l  v i a b i l i t y ,  whereas e a r l i e r  re s e a rc h e rs  s tu d ie d  th e  
e f f e c t s  o f  long te rm  exposures to  e th a n o l on y e a s t  growth  
r a t e  , and on c e l l  v i a b i l i t y  o f  y e a s t  c u l t u r e s  o r
suspension o f  c e l l s  and therm a l death
O th ers  examined th e  e f f e c t s  exposures t o  e th a n o l  
on g lucose and ammonium t r a n s p o r t  system ® **® 9,60  ^^d
m alto se  t r a n s p o r t  .
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The in c re a s e  o f  i n t r a c e l l u l a r  e th a n o l l e v e ls  in  
c e r t a in  c i rcun stances  d u r in g  a fe rm e n ta t io n  may be 
im p o rta n t  f o r  th e  i n h i b i t o r y  e f f e c t  o f  e th an o l on 
i n t r a c e l l u l a r  enzyme such as a lc o h o l dehydrogenase®^.
From e a r l y  e x a m in a tio n  o f  th e  e f f e c t  o f  e th a n o l  
on th e  y e a s t g lucose  t r a n s p o r t  system i t  was noted t h a t  
s t r a in s  o f  Saccharomyces a ls o  showed unequal to le r a n c e s  to  
h igh  g lucose c o n c e n tra t io n  and t h a t  g lucose  to le r a n c e  
v a r ie d  d i r e c t l y  w ith  e th a n o l t o le r a n c e .  Subsequent s tu d ie s  
re v e a le d  t h a t  y e a s t  c e l l s  o f  h ig h e r  e th a n o l to le r a n c e  
s t o r e  le s s  l i p i d  and c a rb o h y d ra te  th an  y e a s t  c e l l s  o f  
le s s e r  e th a n o l to le r a n c e .
Y eas t c e l l s  grown a e r o b ic a l l y  c o n ta in  more l i p i d  
than  a n a e r o b ic a l ly  grown y e a s t  c e l l s  and were shown to  
have le s s  to le r a n c e  t o  e th a n o l than  th e  la t t e r ® ^ .
The accu m u la tio n  o f  e th a n o l in  th e  m ic ro b ia l  
en viron m ent re p re s e n ts  a form  o f  en v iro n m e n ta l s t r e s s  
analogous t o  extrem es o f  te m p e ra tu re  and pH.
M a in ta in in g  th e  fu n c t io n a l  s t a b i l i t y  o f  th e  
plasma membrane as an e f f e c t i v e  sem i-perm eab le  b a r r i e r  
c o n t r o l l i n g  th e  e x i t  and e n t r y  o f  v a r io u s  m e ta b o l i te s ,  and 
f o r  th e  c o m p a r tm e n ta l iz a t io n  o f  e s s e n t ia l  processes w i t h in  
th e  c e l l  i s  a l l  im p o rta n t  f o r  th e  growth and s u r v iv a l  o f  
th e  c e l l  in  harsh c o n d i t io n s .
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The s im u ltan eo u s  enhancement o f  e th a n o l and therm al  
to le r a n c e  in  Saccharomyces c e r e v is ia e  has been shown to  
occur a f t e r  a s h o r t  p re in c u b a t io n  t im e  a t  h ig h  
te m p e ra tu re ^ ^ .
In c re a s e s  in  te m p e ra tu re  and e th a n o l c o n c e n tra t io n s  
have shown t h a t  both p h y s ic a l  and chem ical e f f e c t s  p la y  a 
im p o rta n t  r o le s  a an in d u c e rs  o f  t r a n s i e n t  s y n th e s is  o f  
"h ea t -shock p r o te in s "  in  y e a s t ® ^ .
1 . 3 . 2 . 1  -  EFFECT ON MEMBRANE L IP ID  COMPOSITION IN YEAST
Changes in  membrane l i p i d  com p osition  a re  
a s s o c ia te d  w i th  changes in  im p o rta n t membrane p r o p e r t ie s  
such as f l u i d i t y  and p e rm e a b il i ty ® ® .
There  i s  in c re a s in g  ev idence  t h a t  th e  t o x ic  
e f f e c t s  o f  e th a n o l a r e , i n i t i a l l y  a t  l e a s t ,  expressed a t  
th e  le v e l  o f  th e  plasma membrane and t h a t  th e  i n h i b i t i o n  
o f  sugar t r a n s p o r t  is  th e  p r im a ry  reason f o r  re d u c t io n s  in  
y e a s t  a c t i v i t y  as e th a n o l c o n c e n tra t io n  increases® ® .
T h e r e fo re ,  s in c e  Saccharomyces spp, can t o l e r a t e  
r e l a t i v e l y  h igh  c o n c e n tra t io n s  o f  e th a n o l ,  th e s e  y e a s ts  
m ight be expected  t o  possess d i f f e r e n t  l i p i d  co m p ositions  
as w e l l  as d i f f e r e n t  f a t t y  a c id  conten t® ? .
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Thomas e t  s u c e s s fu l ly  a l t e r e d  th e  l i p i d
co m position  in  th e  plasma membrane o f  Saccharomyces 
c e r e v is ia e  by adding co m b in a tio n s  o f  s t e r o l s  and f a t t y  
a c id s  to  th e  n u t r i e n t  medium c o n ta in in g  a n a e r o b ic a l ly  
grown c e l l s .  In  a l l  cases i t  was found t h a t  l i n o l e a t e  
( p o ly u n s a tu ra te d  f a t t y  a c id  ) w i th  s t e r o l ,  when
in c o rp o ra te d  in  th e  plasma membrane, c o n fe rre d  g r e a te r  
to le r a n c e  to  e th a n o l th an  o le a t e  ( m onounsaturated f a t t y
a c id  ) .
Those c e l l s  e n r ic h e d  w ith  e r g o s te ro l  o r  s t ig m a s te ro l  
which have u n s a tu ra te d  bonds a t  y in  th e  s id e  c h a in ,  and 
l i n o l e a t e  showed g r e a t e r  r e s is ta n c e  t o  e th a n o l than  th ose
e n r ic h e d  in  cam pestero l o r  c h o le s t e r o l ,  which have
s a tu r a te d  s id e  ch a in s  and l i n o l e a t e .  E rg o s te ro l  w ith  
p a lm i t o le a t e  (  ^ ) was b e t t e r  a t  c o n fe r r in g  e th a n o l
to le r a n c e  th an  w ith  e i t h e r  o le a t e  ( g.^ ) o r
c e t o le a t e  ( C2Q;1 ) •
In c re a s e d  fe rm e n ta t io n  r a te s  and enhanced e th a n o l  
to le r a n c e  has been ac h ie v e d  us ing s i m i l a r  te c h n iq u e s  w ith  
Pachysolen ta n n o p h i lus ,  a y e a s t  which fe rm e n ts  th e  pentose  
sugar x y lo s e  t o  e th a n o l ,  a f t e r  th e  a d d i t io n  o f  exogenous 
e r g o s t e r o l , l i n o l e a t e  and Tween-80 t o  th e  n u t r i e n t  medium 
o f  s e m i - a e r o b ic a l ly  grow ing c e l l s .
A n a ly s is  o f  f a t t y  a c id  co m p o sition  b e fo re  and 
a f t e r  l i p i d  s u p p le m e n ta t io n  re v e a le d  t h a t  PachysoTen 
ta n n o p h ilu s  had in  f a c t  in c o rp o ra te d  l i n o l e a t e  and 
e r g o s te ro l  in t o  th e  plasma membrane®*.
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S t e r o ls  p re s e n t  in  membranes may perhaps o f f e r  
some s t e r i c  h in d ra n c e  t o  th e  movement o f  m olecu les  w i t h in  
th e  membrane so m a in ta in in g  some degree o f  o rd e r® * .
The presence o f  u n s a tu ra te d  f a t t y  a c id s  in  th e  
membrane, how ever, enhance f l u i d i t y .  T h e re fo re ,  th e  
f l u i d i t y  o f  a membrane is  de term ined  by th e  r a t i o  o f  
u n s a tu ra te d  f a t t y  a c id  t o  s t e r o l .
In  i n d u s t r i a l  fe rm e n ta t io n s  s u b s t ra te s  such as
molasses or g r a in  p r e p a r a t io n s  may c o n ta in  l i p i d s ,  
u n s a tu ra te d  f a t t y  a c id s ,  and s t e r o l s ,  co nsequ en tly  
a e r a t io n  may no t be r e q u ir e d .  However, developm ent in  th e  
use o f  more p u r i f i e d  media may lead  to  re d u c t io n s  in  th e s e  
e s s e n t ia l  n u t r ie n t s  which t h e r e f o r e  n e c e s s i ta te s  a c e r t a i n  
amount o f  a e r a t io n
The commercial y e a s t  s t r a in s  p r e s e n t ly  used in
i n d u s t r i a l  e th a n o l p ro d u c t io n  and in  th e  brewing in d u s try  
d is p la y  r e l a t i v e l y  h ig h  e th a n o l to le r a n c e  as a r e s u l t  o f  a 
g e n e t ic  s e le c t io n  brou ght about by pro longed  exposures to  
e t h a n o l .
Brown & 0 1 i v e r ? l , have developed an ingenuous  
feedback system in  which th e  a d d i t io n  o f  e th a n o l to  a 
con tinu o us  c u l t u r e  o f  Saccharomyces uvarum is  used to
c o n tro l  growth r a t e .  The growth r a t e  is  m onitored  by th e  
o u tp u t  o f  CO2 which c o n t r o ls  th e  r a t e  o f  in f lo w  o f
e t h a n o l ,  m a in ta in in g  a c o n s ta n t  s e le c t io n  p re s s u re  f o r  
e th a n o l t o le r a n c e .
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They o b ta in e d  m utants w ith  an e th a n o l to le r a n c e  up 
to  a le v e l  o f  12 % ( w /v  ) .  Jones & G r e e n f ie ld ? ^ ,
a c c l im a t iz e d  Saccharomyces c e r e v is ia e  to  7 % (w /v )  e th a n o l  
by growth in  a chem ostat a t  30 °C , w ith  an i n l e t  o f  20 % 
( w /v ) g lucose and a re s id e n c e  tim e  o f  30 hours , f o r  16 
re s id e n c e  t im e s .
The v i a b i l i t y  o f  th e s e  c e l l s  on in c u b a t io n  w ith  
v a r io u s  c o n c e n tra t io n s  o f  e th a n o l a t  25 f o r  up to  75 
hours was in c re a s e d  by a f a c t o r  o f  40 compared to  non­
adapted c e l l s .  However, adapted c e l l s  dem onstrated  
in c re as ed  lag  phase when grown on com plete  medium w ith o u t  
e th a n o l in  comparison t o  non-adapted c e l l s .
These r e s u l t s  im ply  t h a t  p re v io u s  c u l t u r e  h is t o r y  
has a s i g n i f i c a n t  e f f e c t  on th e  response o f  c e l l s  to  
e th a n o l ,  but th e  g e n e t ic  b a s is  o f  such to le r a n c e  remain  
unknown.
W a lk e r - C a p r io g l io  e t  a l . ? *  found t h a t  l i p i d  
su p p le m e n ta tio n  o f  th e  n u t r i e n t  medium o f  s t e r o l  
a u x o tro p h ic  m utants d id  n o t reduce th e  i n h i b i t o r y  e f f e c t s  
o f  e th a n o l ,  and th e  la g  phase d id  no t e n ab le  th e  s e le c t io n  
o f  more e th a n o l r e s i s t a n t  forms but d id  e n a b le  th e  y e a s t  
t o  overcome th e  e th a n o l induced i n h i b i t i o n  o f  grow th.
R eductions in  th e  d u ra t io n  o f  lag  phase was observed  
however, f o r  th e  c e l l s  grown in  e th a n o l - c o n ta in in g  g lucose  
medium which had been c o n d it io n e d  by p re -g ro w th  w ith  
y e a s t .
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T h is  suggests t h a t  y e a s t  c e l l s  e x c r e te  one or  
more components in t o  th e  medium which c o n fe r  r e s is ta n c e  to  
th e  e th a n o l - in d u c e d  i n h i b i t i o n  o f  grow th.
Ethanol - in d u c e d  re d u c t io n s  in  membrane f l u i d i t y  
i n h i b i t  th e  a c t i v i t i e s  o f  m em brane-associated p r o t e in s .
However, any in c re a s e  in  th e  u n s a tu ra t io n  o f  th e  
f a t t y  acy l re s id u e s  in  th e  p h o s p h o lip id s  su rrou n d ing  
membrane p r o te in s  may re v e rs e  th e  e f f e c t  o f  e th a n o l ,  by 
enhancing th e  f l u i d i t y  o f  th e  l i p i d  b i la y e r ? ^ .
1 . 3 . 2 . 2  -  THE EFFECT OF OSMOTIC PRESSURE IN YEAST
The u t i l i z a t i o n  o f  a h igh  g r a v i t y  w o rt fe rm e n ta t io n  
a re  an im p o rta n t  c o n s id e r a t io n  f o r  th e  p ro d u c tio n  o f  h igh  
e th a n o l c o n c e n tra t io n s  p r i o r  t o  d i s t i l l a t i o n ? ® .
The m e ta b o lic  a c t i v i t y  o f  y e as ts  in c re a s e s  w ith  
in c re a s in g  s u b s t r a te  c o n c e n tra t io n  u n t i l  an optimum is  
reached . The optimum s u b s t ra te  c o n c e n tra t io n  is  s t r a i n  
dependent. Above th e  optimum th e r e  is  a marked re d u c t io n  
in  th e  y e a s t  a c t i v i t y  fo l lo w e d  by p la s m o ly s is  a t  h ig h e r  
c o n c e n tra t io n  ( a p p ro x im a te ly  14 % ( w /v ) due t o  osm otic  
e f fe c ts ? ® .  Panchal & S te w a rt? ? , observed th e  e f f e c t s  o f  
in c re a s in g  media osm otic  p re s s u re  by a d d i t io n  o f  s o r b i t o l ,  
a non-m etabol i z a b le  s u g a r ,  to  th e  sucrose w o rt o f  a se m i-  
a e ro b ic a l  ly  growing brew ing s t r a i n  o f  Saccharomyces 
uvarum.
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In c re a s in g  th e  osm otic  p res su re  above th e  optimum  
r e s u l te d  in  a in c re a s e  in  th e  le v e l  o f  i n t r a c e l l u l a r  
e th a n o l ,  a decrease in  e th a n o l e x c r e t io n ,  and an in c re a s e  
in  th e  e x c r e t io n  o f  g l y c e r o l ,  a b y -p ro d u c t o f  
f e r m e n ta t io n .  T h is  r e s u l te d  in  a n e t  re d u c t io n  in  e th a n o l  
p ro d u c tio n  and reduce growth and fe rm e n ta t io n  r a t e s .
T h e r e fo re ,  r e d u c t io n  in  th e  a c t i v i t y  o f  y e as ts  in  
high g r a v i t y  w o rts  m igh t be due to  i n h i b i t i o n  by e le v a te d  
i n t r a c e l l u l a r  e th a n o l c o n c e n tra t io n  and th e  consequent r e ­
d i r e c t io n  o f  carbon in t o  g l y c e r o l ,  r a t h e r  th an  e th an o l  
p ro d u c t io n .
E x t r a c e l l u l a r  e th a n o l o r  th e  d e p le t io n  o f  e s s e n t ia l  
n u t r ie n t s  does no t appear to  be th e  reasons f o r  y e a s t  
i n a c t i v i t y  under t h i s  c o n d i t io n s .  In c re a s in g  th e  osm otic  
p re s s u re  by a d d i t io n  o f  s a l t s  to  th e  n u t r i e n t  medium o f  
Saccharomyces c e r e v is ia e  a ls o  r e s u l t s  in  in c re as ed  
g ly c e ro l  p ro d u c tio n  from  d ih yd ro xya ce to n e  phosphate and 
e x c r e t io n  a t  th e  expense o f  e th a n o l .
However, in c re a s in g  th e  c o n c e n tra t io n  o f  s a l t s  in  
th e  medium tended to  produce in c re a s e  in  e th a n o l  
p r o d u c t iv i t y  and a decrease  in  c e l l  v i a b i l i t y .
T h is  t re n d  is  e x p la in e d  by p o s t u la t in g  t h a t ,  as 
th e  osm otic  p re s s u re  o f  th e  medium in c re a s e s ,  th e  
m aintenance re q u ire m e n ts  o f  th e  c e l l  c u l t u r e  in c re a s e s .
G ly c e ro l  p ro b a b ly  th en  fu n c t io n s  as a n o n - to x ic  
o s m o re g u la to r  to  combat th e  e le v a te d  leakag e  o f  ions in t o  
th e  c e l l? ® .
52
Ethanol measurements d u rin g  a fe rm e n ta t io n  w ith  
Saccharomyces c e r e v is ia e  re v e a le d  t h a t  i n i t i a l l y  th e  
i n t e r n a l  e th a n o l c o n c e n tra t io n  was th e  same as th e  
e x te r n a l  bu t t h a t  a t  th e  end o f  fe rm e n ta t io n  in t e r n a l  
e th a n o l le v e ls  f e l l  c o n s id e ra b ly ? *  .
T h e r e fo re ,  th e  passage o f  e th a n o l from in s id e  
th e  c e l l  to  o u ts id e  must be a g a in s t  a c o n c e n tra t io n  
g r a d ie n t ,  c o n tr a r y  to  th e  o p in io n  d e r iv e d  from  e a r l i e r  
e s t im a t io n s  o f  i n t r a c e l l u l a r  e th a n o l by Thomas & Rose®®.
T h is  le d  D es ari and c o -w o rke rs ® 1 , to  propose t h a t  
m ight be an a c t iv e  t r a n s p o r t  mechanism f o r  e th a n o l e f f l u x .  
I f  t h i s  were t r u e ,  th e  i n h i b i t o r y  e f f e c t s  o f  e th a n o l on 
p ro te in -m e d ia te d  t r a n s p o r t  across th e  plasma membrane 
would reduce th e  e f f l u x  o f  e th a n o l and lea d  to  th e  
accum ula tio n  o f  i n t r a c e l 1u l a r  e th a n o l .
However, subsequent s t u d ie s ,  r e s u l t in g  in  f u r t h e r  
re d u c t io n s  in  i n t r a c e l l u l a r  e th a n o l e s t im a t io n s  showed 
t h a t  th e r e  was, in  f a c t ,  no d i f f e r e n c e  between in t e r n a l  
and e x te r n a l  e th a n o l c o n c e n tra t io n  d u r in g  th e  
fe rm e n ta t io n ® ^ .
T h e r e fo re ,  e th a n o l d i f f u s e s  f r e e l y  across th e  
membrane and r a p id ly  reaches e q u i l ib r iu m  w ith  th e  o u ts id e .  
I t  seems u n l i k e l y  t h a t  accum ula tio n  o f  in t e r n a l  e th a n o l i s  
s p e c i f i c a l l y  im p o rta n t  in  th e  i n h i b i t i o n  o f  fe rm e n ta t io n  
and growth in  y e a s ts  ( f o r  rev ie w s  see van Uden 1® ) .
Ethanol i s  an am p h ip a th ic  m o lec u le ;  c o n ta in in g  
both a hydrophobic  and a h y d r o p h i l ic  re g io n ,a n d  as such 
may p e n e t ra te  th e  hydrophobic co re  o f  th e  membrane l i p i d
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b i la y e r  where, because e th a n o l is  r e l a t i v e l y  p o l a r , t h e r e  
is  a re d u c t io n  in  h y d ro p h o b ic i ty  a t  t h a t  p a r t i c u l a r  re g io n  
in  th e  core which en ab les  th e  s o l u b i l i z a t i o n  o f  th e  o th e r  
p o la r  m o le c u le s . T h is  e f f e c t  spreads th ro u g h o u t th e  
membrane r e s u l t in g  in  decreased f l u i d i t y  and in cre as ed  
p e r m e a b i l i t y .
E th a n o l- in d u c e d  d e h y d ra t io n  and d é n a tu ra t io n  o f  
membrane p r o te in s  and o f  p r o t e in s  on th e  i n t e r i o r  o f  th e  
c e l l ,  a f t e r  th e  passage o f  e th an o l th ro ugh  th e  membrane, 
f u r t h e r  reduces th e  fu n c t io n a l  i n t e g r i t y  o f  th e  plasma  
membrane®*. The fe rm e n ta t io n  o f  sugar to  e th a n o l in  y e a s t  
i s  u s u a l ly  co n s id e re d  to  be an a n a e ro b ic  p ro c ess , bu t in  
a e ro b ic  c o n d it io n s  w i th  h igh  sugar c o n c e n tra t io n s ,  growth  
in  S. c e r e v is ia e  proceeds as a r e s u l t  o f  th e  a "a n a e ro b ic "  
fe r m e n ta t iv e  pathway due t o  c a t a b o l i t e  re p re s s io n  and 
in a c t i v a t i o n  o f  enzymes in  th e  TCA c y c le  and o x id a t iv e  
p h o s p h o ry la t io n ® * .
I n a c t i v a t i o n  o f  r e s p i r a t io n  leads  to  a re d u c t io n  
in  th e  le v e ls  o f  ATP and c i t r a t e  which a c t i v a t e  g ly c o ly s is  
and fe rm e n ta t io n  ( C ra b tre e  e f f e c t ,  t h a t  i s ,  re p re s s io n  o f  
r e s p i r a t o r y  a c t i v i t y  by g lucose under a e ro b ic  c o n d it io n s  
and subsequent d e re g u la t io n  o f  g ly c o ly s is  w ith  fo rm a t io n  
o f  e th a n o l >. However, in  l i m i t i n g  sugar c o n c e n tra t io n  and 
excess o f  oxygen th e  c a t a b o l i t e  re p re s s io n  and 
i n a c t i v a t i o n  is  a l l e v i a t e d  and th e  TCA c y c le  and o x id a t iv e  
p h o s p h o ry la t io n  a re  a c t iv a t e d .  R e s p ir a t io n  then  leads  to  
an in c re a s e  in  th e  l e v e ls  o f  ATP and c i t r a t e  which
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i n h i b i t s  g ly c o ly s is  and fe rm e n ta t io n  ( P a s te u r  e f f e c t ,  
t h a t  i s ,  i n h i b i t i o n  o f  th e  g l y c o l y t i c  pathway in  th e  
presence o f  oxygen; m a n ife s te d  as i n h i b i t i o n  o f  a lc o h o l ic  
fe rm e n ta t io n  ) .  However, th e  P as teu r  e f f e c t  is  a ls o  
p r e v a le n t  even in  a n a e ro b io s is  when n i t ro g e n  le v e ls  in  th e  
growth medium become d e p le te d ? ® ,
In  f a c t ,  th e  P a s te u r  e f f e c t  may be co ns id ered  as 
a secondary f a c e t  o f  y e a s t  m etabolism  as i t  o n ly  occurs  
under s p e c ia l  e x p e r im e n ta l  c o n d i t io n s ,  f o r  example in  a 
chem ostat c u l t u r e  when growth is  l im i t e d  by v e ry  low 
c o n c e n tra t io n  o f  s u g a r ,  o r  in  s t a t io n a r y  phase ( r e s t i n g  
c e l l s )  when sugar is  c a ta b o l is e d  in  th e  absence o f  a 
n i t ro g e n  so urce . B a r fo rd  & Hal1®4^ observed t h a t  th e  
re p re s s io n  o f  r e s p i r a t io n  d u rin g  batch growth was a 
consequence o f  a v e ry  slow a d a p ta t io n  to  f u l l y  r e s p i r a t o r y  
c o n d i t io n s .  In  c a r b o n - l im i t e d  continuous c u l t u r e ,  where  
s u f f i c i e n t  t im e  was a v a i l a b l e  f o r  t h i s  a d a p ta t io n ,  no 
re p re s s io n  o f  r e s p i r a t io n  was observed w ith  e i t h e r  g lucose  
o r g a la c to s e  as th e  carbon s o u rce .
These r e s u l t s  n e v e r th e le s s  do no t e l im in a t e  th e  
p o s s i b i l i t y  t h a t  re p re s s io n  is  caused by sugar  
c o n c e n tra t io n  h ig h e r  than  th ose  o b ta in e d  in  c a r b o n - l im i te d  
co ntin uo u s  c u l t u r e ,  a lth o u g h  comparison o f  g a la c to s e  arid 
glucose batch  and co n tin uo u s  c u l t u r e  ex p erim en ts  would  
suggest t h a t  t h i s  was u n l i k e l y .
However, much work w i l l  be necessary  t o  a r r i v e  a t  
a p rop er i n t e r p r e t a t i o n  o f  th e  many d a ta  in  e a r l i e r  
p u b ! i c a t io n s .
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Too many m e ta b o lic  s tep s  a re  n o rm a lly  in v o lv e d  in  
r e g u la t io n  o f  growth under excess o f  carbon ( batch ) o r  
carbon l i m i t a t i o n  ( chem ostat ) .  A ls o , s t r a i n  dependence, 
as w e l l  as carbon source s p e c i f i c i t y  under a e ro b ic  and 
a n a e ro b ic  c o n d i t io n s ,  a re  re s p o n s ib le  f o r  th e  co n fu s in g  
scene o f  t h i s  r e g u la to r y  phenomenon.
A ccord ing to  Ryu e t  a l ,® ® , th e  most im p o rta n t  
areas  o f  rese arch  in  e th a n o l fe rm e n ta t io n  have been:
( i )  In c re a s e d  e th a n o l c o n c e n tra t io n  and s p e c i f i c  
e th a n o l p ro d u c t io n  r a t e .
( i i )  Improvement o f  e th a n o l to le r a n c e  o f  y e a s t .
( i i i )  Development o f  a co n tinu o u s  e th an o l fe rm e n ta t io n  
process us ing  h ig h  d e n s i ty  c e l l  c u l t u r e .
One o f  th e  fundam enta l d i f f i c u l t i e s  in  assess ing  
e th a n o l to le r a n c e  in  v a r io u s  y e as ts  is  t h a t  th e r e  is  no 
u n iv e rs a l  1 y accep ted  te c h n iq u e  o f  measurement o r  
d e f i n i t i o n  o f  e th a n o l to le r a n c e .  Ethanol has t h r e e  m ajor  
e f f e c t s  on y e a s t  c e l l s .  I t  i n h i b i t s  c e l l  grow th , c e l l  
v i a b i l i t y  and fe r m e n ta t io n ,  a lth o u g h  to  d i f f e r e n t  e x te n ts .  
Thus, th e  d e f i n i t i o n  o f  e th a n o l to le r a n c e  dependes on 
which param eter  one is  r e f f e r i n g  t o .
56
The p o s s ib le  t a r g e t  s i t e s  o f  e th a n o l in  y e a s t  c e l l s  
a re  d e p ic te d  in  F ig .  1 , 3 . 2 .  One o f  th e  m ajor t a r g e t
s i t e s  o f  e th a n o l in  y e a s t  and o th e r  m icroorganism s is  th e  
plasma membrane, as w e l l  as th e  membrane o f  th e  v a r io u s  
c e l l u l a r  o r g a n e l le s .
D e s p ite  c e n tu r ie s  o f  e x p e r ie n c e ,  th e  processes o f  
e th a n o l p ro d u c t io n ,  e x c r e t io n  and t h e i r  r e g u la t io n  a re  
s t i l l  no t e n t i r e l y  c l e a r  ( f o r  rev ie w s  see D’ Amore e t  
a l . * G , 8 7  ) .
Hydrophobic proteins(cell membfsne, mitochondrial membrane)
Vbcuolarmembrane
H yd^hillc (soluble) proteins 
Lysosomal membrane
Mitochondrial membrane
Nuclear membrane I Endoplasmic reticulum
Cell membrane
F ig .  1 . 3 . 2 . P o s s ib le  t a r g e t  s i t e s  o f  e th a n o l in  y e a s t  
c e l l s .  ( D *A m ore ,l987  ) .
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1.4 - FERMENTATION PROCEDURE
F e rm e n ta t io n  procedures f o r  e th a n o l p ro d u c tio n  
can be d iv id e d  in t o  two broad c a te g o r ie s :
( 1 )  Batch pro c ess .
(2 )  Continuous proc ess .
1 .4 .1  -  BATCH PROCESS
Most m ic r o b ia l  processes f o r  e th a n o l p ro d u c tio n  
in v o lv e  batch  grow th . In  a batch  system , a vesse l is  
f i l l e d  w ith  s t a r t i n g  m a t e r ia ls  in c lu d in g  th e  s u b s t ra te  ( 
u s u a l ly  l i q u i d  medium ) o f  a p p r o p r ia te  com p osition  and an 
inoculum o f  l i v i n g  c e l l s .  N o th in g  f u r t h e r  is  added to  th e  
c u l t u r e  o r  removed from  i t  as growth proceeds. The
fe rm e n ta t io n  ta k e s  p la c e  o v e r  a p e r io d  ( depending on th e  
s t r a i n s  used, th e  s i z e  and a c t i v i t y  o f  inoculum ) t h a t  can 
range from  4 hours upwards. When th e  fe rm e n ta t io n  is
com pleted , th e  amount o f  e th a n o l makes up from  8 to  12 % ( 
w /v ) o f  th e  sp en t medium, which a ls o  in c lu d e s  by 
p ro d u c ts , unconsumed n u t r ie n t s  and c e l l s .  U l t im a t e ly  th e
fe rm e n te r  is  e m p tie d , p ro b a b ly  o n ly  c le a n e d , r e f i l l e d  and
th en  a new batch  is  s t a r t e d .
68
Batch systems a re  s im p le r  th an  co n tin uo u s  ones
bu t s u f f e r  from  th e  usual d is a d van tag es  o f  slow
fe rm e n ta t io n  in  th e  e a r l y  s tages  b e fo re  th e  y e a s t  
p o p u la t io n  has b u i l t  up. These process can account f o r  up 
to  20 % o f  c y c le  t im e .  However, t h a t  f a c t  has been
overoomed in  many i n d u s t r i a l  fe rm e n ta t io n  processes by th e  
use o f  a la r g e  inoculum .
The batch  fe rm e n ta t io n  may be used to  produce  
biomass, p r im a ry  and secondary m e ta b o l i te s .
For biomass p ro d u c t io n ,  c u l t u r a l  c o n d it io n s
s u p p o rt in g  th e  maximum c e l l  p o p u la t io n  would be used; For  
p r im a ry  m e ta b o l i te  p ro d u c t io n  c o n d it io n s  t o  ex ten d  th e  
e x p o n e n t ia l  phase accompanied by p rod u ct e x c r e t io n  and f o r  
secondary m e ta b o l i te  p ro d u c t io n ,  c o n d it io n s  g iv in g  a s h o r t  
e x p o n e n t ia l  phase and an extended s t a t i o n a r y ,  o r  
p ro d u c t io n  phase, o r  g iv in g  a decreased growth r a t e  in  th e  
log  phase r e s u l t in g  in  e a r l i e r  secondary m e ta b o l i te
fo rm a t io n .
T h is  ty p e  o f  p rocess has p e rm it te d  i n d u s t r ia l  
developm ent w i th o u t  rec o u rs e  t o  d e t a i l e d  s tu d ie s  o f  
complex b io ch em ica l r e a c t io n s  in v o lv in g  p o o r ly  understood  
r e a c t io n  k i n e t i c s  and v a r ia b le s ,  such as m e ta b o lic  
c o n t r o l , and s u b s t r a te  and p ro d uct c o n c e n tra t io n  
dependence. A consequence o f  t h i s  approach is  t h a t  many 
commercial p rocesses a re  overd es ig n ed  in  th e  sense t h a t  
th e y  a re  c a r r ie d  o u t  under suboptim al c o n d it io n s
'1
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1.4.2 - CONTINUOUS PROCESS
I n d u s t r i a l  fe rm e n ta t io n  by continuo us c u l t u r e  
te c h n iq u e  has s e v e ra l  advantages over batch fe rm e n ta t io n  
processes f o r  in s ta n c e ,  reduced r e a c to r  volumes and 
reduced dow n-tim e, ( h a r v e s t in g ,  s t e r i l i s i n g ,  re c h a rg in g  ) 
g r e a t e r  u n i f o r m i t y ,  ease to  c o n t r o l ,  a l l  r e s u l t in g  in  
s i g n i f i c a n t l y  h ig h e r  p r o d u c t i v i t i e s .
In  a co n tinu o us  process th e  n u t r ie n t s  a re  
c o n t in u o u s ly  added to  th e  fe rm e n te r  vesse l and th e  p ro d u c t  
o f  th e  r e a c t io n  a re  c o n t in u o u s ly  removed. Because
co ntin uo u s  r e a c to r s  lo s e  c e l l s  in  th e  e f f l u e n t  s tream  
t h e i r  p r o d u c t iv i t y  is  l im i t e d  by th e  growth
c h a r a c t e r i s t i c s  o f  th e  organism  and depends on th e
d i l u t i o n  r a t e  employed.
One way t o  overcome th e  above l i m i t a t i o n  is  
r e c y c l in g  th e  biomass ( feedback ) ,  t h a t  i s ,  c o n c e n tra t in g  
th e  biomass from  th e  e f f l u e n t  and th en  r e tu r n in g  a 
f r a c t i o n  to  th e  fe rm e n te r .  The maximum p o s s ib le  d i l u t i o n  
r a t e  in  a system w ith  feedb ack o f  biomass is  g r e a t e r  than  
in  a c o n v e n tio n a l co n tinu o us  system. A nother l i m i t i n g
f a c t o r  is  th e  i n h i b i t i o n  e f f e c t  o f  p ro d u c t ( e th a n o l ) on 
c e l l  growth and fe rm e n ta t io n  r a t e  ( see s e c t io n  1 . 3 . 2 . ) .
A number o f  d i f f e r e n t  te c h n iq u e s  have been in v e s t ig a te d  
to  overcome th e  above l i m i t a t i o n .
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A c e l l  r e c y c le  te c h n iq u e  a s s o c ia te d  w ith  vacuum 
fe rm e n ta t io n  was developed f o r  co ntinuo us e th a n o l  
p ro d u c tio n  by Cysewski and W ilk e  to  a c h ie v e  h igh  c e l l  
d e n s i t ie s  and ra p id  e th a n o l fe rm e n ta t io n  r a t e s .  Through  
t h a t  system e th a n o l p r o d u c t iv i t y  in c re a s e d  as much as 
t w e lv e fo ld  over c o n v e n tio n a l continuous fe r m e n ta t io n .
However, a h igh  energy in p u t  is  re q u ire d  to  
o p e ra te  t h i s  sys tem ,as  w e l l  as th e  vacuum process r e q u ir e  
a h ig h e r  c a p i t a l  c o s t s , more s o p h is t ic a te d  c o n tr o l  d e v ic e s  
and a h ig h e r  o p e r a to r  s k i l l s .  Much more emphasis has been 
p lace d  on t h i s  c o n s id e r a t io n  in  th e  U .S . than  in  B r a z i l  
where a low te ch n o lo g y  approach has been adopted .
In  term s o f  N o r th e a s t  B r a z i l i a n  e th a n o l  
p ro d u c tio n  i t  seems u n r e a l i s t i c  as a p o s s ib le  te c h n o lo g y .  
Continuous systems o f f e r s  th e  advantage o f  improved  
v o lu m e tr ic  e f f i c i e n c y  due to  o p e ra t in g  a t  a c o n s ta n t  ra p id  
fe rm e n ta t io n  r a t e  and th u s  low er c a p i t a l  c o s ts .Y e a s t  c o s ts  
a re  g r e a t ly  reduced s in c e  in o c u la t io n  has t o  be perform ed  
o n ly  once f o r  each extended fe rm e n ta t io n  c y c le .
C o n tro l o v e r  th e  fe rm e n ta t io n  is  improved due to  
stead y  s t a t e  o p e r a t io n  le a d in g  t o  a c o n s is te n t  p ro d u c t and 
improved o p e r a t in g  e f f i c i e n c y  d i s t i l l a t i o n .  Peak lo a d in g  
an a n c i l l a r y  equipm ent is  e l im in a te d  a l lo w in g  reduced  
c a p a c i ty .
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I t  1s c la im  t h a t  s in g le  vesse l con tin u o us  systems 
a re  more r é s i s t e n t  t o  b a c t e r i a l  c o n ta m in a tio n  than  batch  
o r  cascade systems because th e y  o p e ra te d  a t  h igh  e th a n o l  
c o n c e n tr a t io n .
Most co n tin uo us  systems In  o p e ra t io n  a re  o f  th e  
m u l t i - v e s s e l  ty p e ,  u s u a l ly  em ploying fo u r  to  seven  
v e s s e ls .T h e  f i r s t  ve sse l I s  a e ra te d  t o  promote th e  y e a s t  
growth th e  o th e r  have carbon d io x id e  m ix in g .
A n t i - fo a m  Is  added t o  th e  f i r s t  v e s s e l .  C o o lin g  
1s by e x te r n a l  h e a t  exchanger when th e  f lo w  from  th e  ta n k  
Is  pumped, o r  by e x te r n a l  c o l l s  on th e  ta n k  where t r a n s f e r  
1s by g r a v i t y .  The s u b s t ra te  Is  fe rm ented  p r o g r e s s iv e ly  as 
I t  passes from  ta n k  t o  ta n k ,  th e  f i r s t  ta n k  hav ing  an 
e th a n o l c o n c e n tra t io n  o f  about 4 % . Y eas t growth can thus  
ta k e  p la c e  a t  a r e l a t i v e l y  low e th a n o l c o n c e n tra t io n  and 
In  th e  l a s t  v e s s e l ,  where e th a n o l c o n c e n tra t io n  may be 
high  enough t o  I n h i b i t  g row th , co n ve rs io n  o f  th e  rem ain ing  
sugar can occur w ith o u t  g row th . By m a in ta in in g  a v e ry  h igh  
c o n c e n tra t io n  In  th e  system , growth Is  m in im ised and 
e th a n o l y i e l d  enhanced
The developm ent o f  a new and Improved b ioprocesses  
depends on th e  r e a l i t i e s  o f  th e  commercial w o rld : There
must be a p r o f i t  In  th e  p ro d u c tio n  o f  a p a r t i c u l a r  
p ro d u c t;  The process must have a s i g n i f i c a n t  advantage  
o v er  th e  e x is t i n g  o r  p o t e n t ia l  chem ical p rocess; and th e  
te c h n ic a l  d i f f i c u l t i e s  In v o lv e d  In  b r in g in g  th e  new 
process to  commercial p ro d u c t io n  must be s o lv a b le  w i t h in  
th e  framework o f  e x is t i n g  o r  newly em erging te c h n o lo g y .
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One o th e r  r e a l i t y ,  which i s ,  perhaps , th e  most 
s t r in g e n t  is  th e  w i l l in g n e s s  o f  th e  chem ical ( and o th e r  
in d u s t r ie s  ) t o  re p la c e  a t r a d i t i o n a l ,  o p e r a t in g ,  
c a p i t a l  -  equipment -  In  -  p la c e  techn o lo gy  w ith  one t h a t  
r e q u ire s  new s u b s t a n t ia l  e x p e n d itu re
However, th e  a p p l ic a t io n  o f  th e  new te ch n o lo g y  
to  energy in d u s t r ie s  in  B r a z i l  depends on I t s  own s o c ia l  
needs and c o n d it io n s  in  s c ie n c e  and te c h n o lo g y .
U n f o r tu n a te ly ,  th e  B r a z i l i a n  government d id  no t  
m a in ta in  I t s  e f f o r t s  on s c i e n t i f i c  and te c h n o lo g ic a l  
developm ent f o r  many reasons;
F i r s t l y ,  due t o  a la c k  o f  c o o p e ra t io n  and 
c o o r d in a t io n  from  th e  governm ental a u t h o r i t i e s  In  
m a in ta in in g  t h e i r  p r o je c t s  and In c e n t iv e s  f o r  re s e a rc h  and 
developm ent. S eco nd ly , t o  th e  low Income re c e iv e d  by 
U n iv e r s i t y  te a c h e rs ,  re s e a rc h e rs  and t e c h n ic ia n s .  T h i r d l y ,  
I t  seems to  be a s e r io u s  m a t te r ,  t h a t  i s ,  nowadays few  
B r a z i l i a n s  t r u s t  o r  b e l ie v e  In  government p la n s ,  decrees  
o r  p r o je c t s .
For th e s e  reason s , most o f  B r a z i l i a n  In d u s t r ie s  
w i l l  rem ain a t  l e a s t  10 y e a rs  behind w ith  regard s  to  
te c h n o lo g ic a l  p rog ress  compared w ith  some developed  
c o u n t r ie s  such as Japan, USA, France and some o th e r  
c o u n t r ie s  In  Europe.
1 .4 .3  -  CURRENT PRACTICE IN NORTHEAST BRAZILIAN 
SUGAR FERMENTATION UNITS.
Ledingham & Kinghorn and Ledingham , 
re p o r te d  on an e x te n s iv e  su rvey  o f  fe rm e n ta t io n  u n i ts  
a t ta c h e d  to  s u g a r m i l ls  in  th e  N o r th e a s t  B r a z i l i a n  
S ta te  o f  A lag oas , see F ig u re  1 . 4 . 3  ( a ) , ( b ) , ( c )  and
( d ) .
As th e s e  r e p o r t  a re  no t w id e ly  a v a i l a b l e  
th e  main f in d in g s  a re  re p o r te d  h e re . Some 90 % o f  th e  
fe rm e n ta t io n  p la n t s  a re  run on a batch  o p e ra t io n  
process us ing  a 6 0 ,0 0 0  L y e a s t  cream inoculum t o  a 
f i n a l  volume o f  2 0 0 ,0 0 0  L. The most su c c e s s fu l p la n ts  
o p e r a t in g  show 4 - 6  hours fe rm e n ta t io n  p e r io d s  in  
which a cane j u i c e  i n i t i a l  ( B r ix  = 12® ) was
fe rm en ted  o u t .
S u b s tra te s  a ls o  in c lu d e d  cane molasses ( as 
l o c a l l y  a v a i l a b l e ,  as a supplem ent to  cane j u i c e .  
Such supplem ents f r e q u e n t ly  led  to  foam ing problems  
o r  y e a s t  c lum ping problems w ith  consequent y i e l d  
re d u c t io n s .  A d d i t io n a l ,  p l a i n l y ,  e v id e n t  te c h n ic a l  
problems in c lu d e d  :
a ) Poor h yg iene  in  th e  cane w a s h in g /m i l l in g  
o p e ra t io n s  le a d in g  t o  h ig h  L e u c o n o s to c /L a c to b a c i l lu s  
in f e c t io n s  and consequent d iv e r s io n  by fe rm e n ta t io n  
o f  sugar from  a lc o h o l t o  o rg a n ic  a c id s .
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b ) Lack o f  e f f e c t i v e  fe rm e n te r  c o o l in g  ( due to  
im ported energy c o s t s /  bagasse energy i n s u f f i c ie n c y  ) 
le a d in g  to  h igh  te m p e ra tu re s  ( above 40 ®C ) w i th  
consequent s u b s t a n t ia l  e v a p o ra t iv e  loss  o f  p rod u ct in  
th e  open-topped fe rm e n ta t io n  v e s s e ls .  A d d i t io n a l l y  
such te m p e ra tu re s  a d v e rs e ly  a f f e c t  y e a s t  v i a b i l i t y .
c ) Lack o f  e f f e c t i v e  management o f  th e  
fe rm e n ta t io n  p l a n t .  Managers range from  th e  
u n q u a l i f i e d  t o  th e  u n in te r e s te d  and in  g e n e r a l ,  had no 
i n t e r e s t  in  fe rm e n ta t io n  improvements. R e l ia b le  d a ta  
on fe rm e n ta t io n  perform ance was a lm ost n o n -e x is te n c e .
d ) F re q u e n t ly  process d is ru p t io n s  t o  what is  
e s s e n t i a l l y  a co n tin u o u s  process ( 8 x 2 0 0 ,0 0 0  L
fe rm e n te ra  as a r o t a t i n g  schedule  ) led  to  
b o t t le n e c k in g  and queing which a ls o  a f f e c t e d  
p r o d u c t i v i t y .
W h ile  some o f  th e  problems ( e .g .  Lack o f  
c o o l in g  ) a s s o c ia te d  w ith  a lc o h o l - f e r m e n ta t io n s  in  
N o r th e a s t  o f  B r a s i l  a re  th o se  to  be expec ted  in  an 
e n e r g y - r e s t r i c t e d  r u r a l  o p e ra t io n  w ith  c l i m a t i c a l l y -  
imposed h igh  am bien t te m p e ra tu re s  ( 25 -  35®C ) ,  
o th e rs  ( e . g .  poor h y g ie n e , use o f  in a p p r o p r ia te  
s t r a i n s  and la c k  o f  e f f e c t i v e  management ) a re  more 
a d d re s s a b le .
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There is  an u rg e n t  need rem ain ing  f o r  y e a s t  
s t r a in s  which t o l e r a t e  r e l a t i v e l y  h igh  te m p e ra tu re s  
( above 40®C ) and s t i l l  show h igh  a lc o h o l
p r o d u c t i v i t y .
An in c re a s in g  number o f  co ntin uo u s  systems  
( w ith  4 X 2 0 0 ,0 0 0  L fe rm e n te ra  o p e ra t in g  in  cascade) 
a re  be ing brought in t o  o p e r a t io n .
A t th e  p re s e n t  t im e ,  h o w e v e r ,( 0 5 /9 6  ) 
p o l i t i c a l  and economic c o n s id e ra t io n s  ( crude o i l  
p r ic e s  ) make th e  f u t u r e  o f  th e  B r a z i l i a n  P ro a lc o o l  
program u n c e r ta in .
U rg en t a t t e n t i o n  to  fe rm e n ta t io n  y i e l d  
improvements co u ld  h e lp  to  reduce t h a t  u n c e r t a in t y .
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F i g . a
> "tK#
m i
F i s -  ^ W r ' .
F ig u re  1 . 4 . 3  a , b  -  F e rm e n ta t io n  U n its  from  
N o r th e a s t  A lcoho l p ro d u c t io n  p la n t s .  S u b s tra te  
a r r i v i n g  a t  and be ing  t ra n s p o r te d  to  th e  fe rm e n ta t io n  
u n i t s .
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F ig . c
F ig .d
F ig u re  1 .4 .3 .  c , d -  Shows Batch fe rm e n ta t io n  
process (c )  ( open v a t  2 0 0 .0 0 0  L c a p a c ity  ) and th e  
u n it  o f  d i s t i l l a t i o n  ( d ) .
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1.5 - AIMS
The Aims o f  t h is  p r o je c t  f a l l  in to  2 groups:
1 .5 .1  GENERAL OBJECTIVES
A g e n e ra l o b je c t iv e  was to  a c q u ire  
p r a c t ic a l  s k i l l s  in  a v a r ie t y  o f  fe rm e n ta tio n  
te c h n iq u e s  from  batch  to  chem ostat w ith  fe ed b a ck , 
in c lu d in g  s k i l l s  in  ap p ara tu s  c o n s tru c t io n  
( fram ew ork , g la s s w a re , in s tru m e n ta tio n  and b a s ic  
e le t r o n ic s  f o r  c o n tro l ) .
1 .5 .2  SPECIFIC OBJECTIVES
To s tu d y  th e  p h y s io lo g y  o f  s e le c te d  
e th a n o l p rod ucer s t r a in s  from  N o rth e a s t o f  B r a z i l ia n  
fe rm e n ta t io n  p la n ts  and p a r t ic u l a r ly  th ro u g h  lo ngterm  
c h em o sta tic  c u ltu r e  w ith  fe ed b ack , to  in v e s t ig a te  
t h e i r  e th a n o l p r o d u c t iv i t y  and th erm a l to le ra n c e  and 
hence, t h e i r  s u i t a b i l i t y  as process organism s in  
th e s e  p la n ts .
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2 . -  MATERIALS AND METHODS
2.1  -  MICROORGANISMS
Three s t r a in s  o f  y e as ts  were used in  t h is  
p r o je c t ,  Saccharomyces c e r e v is ia e  ( 4 2 - Fleischm ann and 
PLA 861 ) and Saccharomyces b o u J a rd ii  ( IZ  1904 ) .
These s t r a in s  a re  c u r r e n t ly  used a lc o h o l 
prod ucer s t r a in s  employed in  p ro d u c tio n  p la n t  in  
A lagoas S ta te  ( NE -  B r a z i l  ) .  The s t r a in s  were a 
d o n a tio n  from  CRPAA/NATT to  Dr.W .M . Ledingham ( 
D epartm ent o f  B io c h e m is try  and M ic ro b io lo g y , U n iv e r s ity  
o f  S t.A ndrew s -  S c o tla n d  ) .
2 .2  -  MEDIA
2 .2 ,1  -  INOCULUM MEDIUM
Sucrose 2 .0  g
Y ea s t e x t r a c t  0 .5  g
KH2PO4 0 .5  g
(NH4 ) 2S04 0 .5  g
MgS0 4 . 7H20 0.1  g
F in a l volume 100 ml
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2.2.2 - BATCH MEDIUM
Sucrose 12.0 9
Y eas t e x t r a c t 3 .0 9
KH2PO4 3 .0 9
(NH4)2 SO4 3 .0 9
MgS0 4 . 7H2O 0 .6 9
F in a l volume 600 ml
2 .2 .3  -  CONTINUOUS CULTURE MEDIUM
Sucrose 400 9
Y eas t e x t r a c t 100 9
KH2PO4 100 9
(NH4 ) 2S04 100 9
MgS04.7H20 20 9
F in a l volume 20 Li
Batch and c o n tin u o u s  e x p erim en ts  were c a r r ie d  o u t 
using  m edia c o n ta in in g  d i f f e r e n t  c o n c e n tra t io n s  o f  
sucrose as d e s c rib e d  in  s e c t io n  2 .6  .
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2.2.4 - MAINTENANCE MEDIUM
S tr a in s  were m a in ta in ed  in  media o f  th e  
fo l lo w in g  co m p o s itio n :
Sucrose 2 .0  g
Y eas t e x t r a c t  0 .5  g
KH2PO4 0 .5  g
(NH4 ) 2SÛ4 0 .5  g
MgS0 4 . 7H20 0.1  g
Agar 2 .0  g
F in a l volume 100 mL
F o llo w in g  grow th f o r  48 h a t  30 ^C, th e  organism s
were m a in ta in e d  in  c u l tu r e  p la te s  a t  4 °C and
s u b c u ltu re d  e v e ry  two months . P e r io d ic a l ly  a sample
from  th e  c u l tu r e  was checked f o r  c o n ta m in a tio n  and
p u r i t y  by Gram s ta in in g  and m icro s c o p ic  e x a m in a tio n .
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2.2.5 - STERILISATION OF GROWTH MEDIA
M edia f o r  batch  and continuo us c u ltu r e  were  
s t e r i l i s e d  in  two p a r ts  : A s o lu t io n  o f  sucrose and
MgSO^ was a u to c la v e d  a t  5 p . s . i .  f o r  20 m in. and th e  
rem ain in g  components were a u to c la v e d  a t  15 p . s . i .  f o r  25 
m in. T h is  p rocedure  served  two purposes : F i r s t ,  i t
p re v e n ts  c a ra m é lis a t io n  o f  th e  s u g a r. Second, i t  
p re v e n ts  th e  fo l lo w in g  r e a c t io n  :
MgSO^ + K H 2P O 4----------------------------------------------- > KH2SO4 + MgP04
Which would have r e s u lte d  in  th e  p r e c ip i t a t io n  o f  
in s o lu b le  MgP0 4 . The o c u rre n ce  o f  e i t h e r  o f  th e s e  would  
have changed th e  c o m p o s itio n  o f  th e  medium as w e ll  
in t e r f e r in g  w ith  th e  absorbance measurem ents.
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2.3 - APPARATUS COMPONENTS
An ap p ara tu s  f o r  co n tinuo us  c u ltu r e  fe rm e n ta tio n  
w ith  c e l l  re c y c le  was c o n s tru c te d  on an an g le  iro n  
fram ew ork. The ap p a ra tu s  c o n s is te d  o f  a medium 
r e s e r v o ir ,  fe rm e n te r  f l a s k ,  s e d im e n ta tio n  vesse l and 
pro d u c t r e c e iv e r  o r  d is p o s a l v e s s e l.
The c u ltu r e  ve s se l had a head p la te  w ith  m u lt ip le  
p o rts  th rough  which grow th medium was fe d  a t  a c o n s ta n t  
f lo w  r a t e .  O th er p o rts  h e ld  a th e rm o s ta tte d  h e a te r  and a 
sample c o l l e c t e r . Two p e r i s t a l t i c  pumps and a m agnetic  
s t i r r e r  were f i t t e d  p ro v id in g  a c o n s ta n t f lo w  r a t e ,  
e f f i c i e n t  m ix in g  and u n ifo rm  d is t r ib u t io n  th ro u g h o u t th e  
fe rm e n te r  v e s s e l. Oxygen was n o t s u p p lie d  n e ith e r  was 
th e  pH c o n t r o l le d .  I t  was, however, m o n ito red  a t  le a s t  
a t  12 hour in t e r v a ls .
The main fu n c t io n  o f  a fe rm e n te r  is  to  p ro v id e  a 
c o n tr o l le d  en v iro n m en t f o r  th e  grow th /  p ro d u c t 
fo rm a tio n  o f  a m icro o rg an ism . In  c o n s tru c t in g  a system  
f o r  co n tin u o u s  c u l t u r e ,  w ith  and w ith o u t re c y c le  o f  
biom ass, a number o f  p o in ts  must be c o n s id e re d :
( I  ) The ve ss e l shou ld  be c a p a b le  o f  be ing  o p e ra te d
a s e p t ic a l ly  f o r  long p e rio d s  and rem ain r e l i a b le  
in  long te rm  o p e ra t io n .
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( I I  ) An adequate system  o f  te m p e ra tu re  c o n tro l must 
be p ro v id e d .
( I I I  ) Adequate a e ra t io n  and a g i t a t io n  should  be 
p ro v id e d  to  meet th e  m e ta b o lic  req u ire m e n ts  o f  
th e  m icroorgan ism s.
( IV  ) Sam pling f a c i l i t i e s  should  be p ro v id e d
( V ) The ch eap es t m a te r ia ls  and systems c o m p a tib le  
w ith  s a t is f a c t o r y  r e s u lts  should  be used.
We b u i l t  up t h is  ap p a ra tu s  based on th e  id e a  t h a t  
i t  should  be r e a d i ly  r e -c o n s tr u c ta b le  in  t h i r d  w o rld  
la b o r a to r ie s  w ith  l im ite d  f in a n c ia l  and te c h n ic a l  
re s o u rc e s .
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2.4 - EQUIPMENT
a ) -  A b o r o s i l l  c a te  g la s s  ve sse l o f  1 l i t r e  c a p a c ity  
w orking volume o f  ( 690 ml ) w ith  a round top  p la te
m o d ifie d  and adapted  to  su p p o rt e ig h t  e n tr y  h o le s , where 
th e  h e a te r , te m p e ra tu re  s e n s o r, i n l e t  o f  medium, i n l e t  
o f re c y c le d  biom ass, therm o m eter, condenser and and 
o u t le t  o f  gases a re  f i t t e d  in to  i t .
The o u t le t  from  th e  fe rm e n te r  is  a b o r o s i l ic a t e  
tu b e , which was f ix e d  to  th e  m idd le  o f  th e  fe rm e n te r  
w a ll g iv in g  some ad van tages in  term s o f  sav in g  one 
p e r i s t a l t i c  pump ( see f ig u r e s  2 .4  a , and b ) .
b ) -  Two p e r i s t a l t i c  pumps ( Edmund B u h le r , model ty p e  
MPI and MP2, s u p p lie d  by N o rth e rn  M edia Supply LTD.
E ngland) w ith  a f lo w  r a te  c a p a c ity  ran g in g  from  10 to  
600 m L/h.
c ) -  A m agnetic  s t i r r e r  powered by a C ite n c o  m otor 
d r iv e  model ty p e  KQPS/22, w ith  a speed ran g in g  from  50 
to  300 rpm.
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FIGURE 2 .4  a -  Shows th e  equipm ents used in  th e  
co n tin u o u s  c u ltu r e  w ith  feedback o f biomass e x p e rim e n ts .
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d ) -  The s e d im e n ta tio n  ve sse l ( C e ll  c o n c e n tra to r  ) ,  is  
a c y l in d r ic a l  -  c o n ic a l v e s s e l, th a t  i s ,  a d e c a n te r  
vesse l m o d if ie d , ty p e  Bs 2021 w ith  100 ml c a p a c ity  
( PYREX).
e ) -  Tem perature c o n t r o l le r  model RS, S tock n^. 3 4 4 .6 2 5  
c o n s is ts  o f  a R e lay  c o n ta c t ( o u tp u t ) ,  and a p la tin u m  
re s is ta n c e  therm om eter ( sensor ) ran g in g  from  0 to  
100 ^C. S u p p lied  RS COMPONENTS LTD.
f  ) -  A h e a te r  ( ceram ic  covered  r e s is t o r  o f  11 Ohms ) 
o p e ra tin g  a t  14 W s u p p lie d  by RS power 12 V o lts  
s te p  down from  240 VAC by a v o lta g e  tra n s fo rm e r .  
S u p p lied  by RS COMPONENTS LTD -  C orby, N o rth an ts  
E ngland .
g ) -  S p ec tro p h o to m eter UNICAM -  m odel.SP 600 S e r ie s  2 . 
Made Uni cam In s tru m e n ts , Cambridge -  England .
h ) -  C e n tr ifu g e  Eppendorf - (  5413 ) ,  G eratebau -
N e th e le r  + H in z  GmbH -  U /m in ( r .p .m . 11 .50 0  ) .  Made 
in  West Germany.
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FIGURE 2 .4  b -  Shows th e  round to p  p la te  o f  th e  
fe rm e n te r  ve s se l m o d ifie d  and adapted f o r  th e  co n tin u o u s  
c u ltu r e  e x p e rim e n ts .
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1 ) -  G a s - l iq u id  Chrom atograph -  model PYE S e r ie s  104, 
s u p p lie d  by Unicam In s tru m e n ts . Cambridge -  England.
j  ) -  M icroscope model Kyowa -  m ed ilux  -  12 made in
Japan. S u p p lied  by F in la y  M ic ro v is io n . W arw ick sh ire  -  
UK.
2 .5  -  CHEMICALS
E th a n o l, Iso p ro p an o l and 3 ,6  -  d i n i t r o s a l y s i 1ic  a c id  
were p ro v id e d  by BDH CHEMICALS LTD -  POOLE, ENGLAND. A l l  
ch em ica ls  used were o f  A n a la r  g rad e .
80
2.6 - FERMENTATION EXPERIMENTS
2 .6 .1  -  GROWTH CONDITIONS
Y ea s t c e l l s  were pregrown in  a 250 mL 
c o n ic a l f la s k  in  lOOmL o f  s t e r i l e  fe rm e n ta t io n  medium 
c lo s e d  w ith  a c o tto n  p lug  f o r  18 hours in  a r o ta r y  
s h a k e r. The te m p e ra tu re  was c o n tr o l le d  a t  30 , 35 o r
40 ^C f o r  each d i f f e r e n t  s e t  o f  e x p e rim e n ts . The 
medium c o n ta in in g  th e  same components as s ta te d  in  
2 . 2 . 2 .
2 .6 .2  -  BATCH EXPERIMENTS
The batch  ex p e rim e n ts  were c a r r ie d  o u t in  a 
fe rm e n te r  g la s s  v e s s e l ( QUICKFIT, 1 L i t e r  c a p a c ity  ) 
w ith  630 mL o f  sucrose based medium. The inoculum  was 
60 mL in  la t e  log  phase on e i t h e r  2 , 5 , 10 and 20 % 
( w /v  ) s u cro se . T h is  gave a f i n a l  w o rk ing  volume o f  
690 mL. A m echanical a n tifo a m  b re a k e r d e v ic e  was 
b u i l t  in  i t  to  p re v e n t in te r fe r e n c e  o f  foam w ith  th e  
f lo w  r a te s  in  th e  c o n tin u o u s  e x p e rim e n ts . A m otor 
d r iv e n  mechanism f o r  r o t a t in g  th e  m agn etic  s t i r r e r  
w ith  v a r ia b le  r o t a t io n  speed was f i t t e d  in  o rd e r  to  
m a in ta in  a homogeneous c u l tu r e  and m ic r o -a e r a t io n  in  
an en v iro n m en t w ith o u t e x te r n a l oxygen s u p p ly .
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The f i l t e r s  f i t t e d  a t  th e  to p  p la te  were used 
to  make e a s ie r  th e  i n l e t  and o u t le t  o f  th e  gases. 
Each s t r a in  was batch  c u ltu re d  as d e s c rib e d  above, 
and th e  grow th r a te  were measured by d e te rm in in g  th e  
biomass c o n c e n tra t io n  e v e ry  hour th ro ugh  o u t th e  
p e rio d  o f  e x p o n e n tia l g ro w th . T h is  was c a r r ie d  o u t by 
m easuring th e  absorbance o f  c u ltu r e  sample a t  610 nm 
in  a UNICAM -  SP 600 s p e c tro  pho to m eter.
The r e la t io n s h ip  between biomass c o n c e n tra t io n  
and absorbance up to  c e r t a in  l im i t s  is  l in e a r ,  so 
th a t  th e  absorbance can be co n verted  to  biomass 
c o n c e n tra t io n  by re fe re n c e  to  a c a l ib r a t io n  p lo t .
2 .6 .3  -  CONTINUOUS EXPERIMENTS
The co n tin u o u s  e x p erim en ts  were c a r r ie d  o u t 
in  th e  same g la s s  fe rm e n te r  ve sse l as s ta te d  in  
s e c tio n  2 . 6 . 2 .  C ontinuous c u ltu r e  ex p erim e n ts  w ith  
feedback o f  biomass were c a r r ie d  o u t us ing  a e x te rn a l  
g la s s  ve ss e l to  c o n c e n tra te  th e  biomass by g r a v i ty  
(s ee  s e c t io n  2 .4 ,  d ) .  The fe e d  s o lu t io n  was pumped 
to  th e  r e a c to r  and a llo w e d  to  s tand  f o r  1 hour b e fo re  
th e  t e s t  f lo w  r a te  s t a r te d  and th e  medium l e f t  th e  
fe rm e n te r  v e s s e l by an o v e r f lo w  p ip e  in s e r te d  th rough  
a s id e  arm. The te m p e ra tu re  was m a in ta in e d  a t  30 , 35 
o r 40 °C .
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The co n tin u o u s  s t i r r e d  ta n k  fe rm e n te r  (CSTF) 
w ith  feedb ack  o f  biomass o p e ra te d  a t  v a r io u s  f lo w  
r a te s  from  0 .0 5  to  0 .3 5  h"*^. A t each d i lu t io n  r a te
th e  e f f lu e n t  was sampled a t  12 hour in t e r v a ls  and
an a lysed  f o r  s u cro se , e th a n o l and biomass 
c o n c e n tra t io n s  by assay in g  th re e  su c cess ive  sam ples.
A l l  o p e ra t io n  were done under a s e p t ic  
c o n d it io n s . U s u a l ly ,a  chem ostat e x p erim e n t is  c a r r ie d  
o u t a f t e r  p re v io u s  m ic ro b ia l grow th in  ba tch  system . 
When th e  c u ltu r e  a c h ie v e s  th e  e x p o n e n tia l phase th e  
f lo w  o f  th e  fe e d  medium is  conn ected . Under s tea d y  
s t a te  c o n d it io n s  th e  mean g e n e ra tio n  tim e  ( t y  = 
d o u b lin g  tim e  ) is  c a lc u la te d  by th e  fo l lo w in g  
e q u a tio n :
t^  = ( ln2/>u ) where aj = D
The f lo w  r a te  was d e term ined  m easuring th e
tim e  ( min ) to  f i l l  a 10 mL v o lu m e tr ic  v e s s e l. The 
d i lu t io n  r a te s  were c a lc u la te d  d iv id in g  th e  f lo w  r a te  
by th e  volume o f  c u l tu r e  in s id e  th e  fe rm e n te r  ( 690 
mL ) in  th e  co n tin u o u s  e x p erim en ts  w ith o u t feedback  
o f biomass by th e  fo l lo w in g  e x p re s s io n ; D = F /V .
H o w e v e r,fo r  th e  co n tin u o u s  ex p erim e n ts  w ith  
feedb ack  o f biom ass, th e  re c y c le d  s tream  ( R ) ,  was 
in c o rp o ra te d  in to  th e  above e x p re s s io n . Then i t  
becomes D*= F + R /V .
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Where D’ is  th e  o v e r a l l  d i lu t io n  r a t e ,  F is  th e  f lo w  
r a te  o f  fe e d  medium, R is  th e  f lo w  r a te  o f  re c y c le d  
s tre am , and V is  th e  volume o f  th e  fe rm e n te r .
2 .7  -  SPECIFIC GROWTH RATE
The maximum s p e c i f ic  grow th r a te  o f  each  
s t r a in s  was d e te rm in ed  us ing  th e  fo l lo w in g  
approaches:
2 .7 .1  -  SPECIFIC GROWTH RATE DETERMINED THROUGH A 
BATCH EXPERIMENT.
The s p e c i f ic  grow th r a te  in  a batch  c u ltu r e  
was c a lc u la te d  u s in g  th e  fo llo w in g  e q u a tio n :
In  X = In  X q  + / J t
where Xg is  th e  biomass when t  = 0
The p lo t  o f  In  x a g a in s t tim e  ( t  ) in  
e x p o n e n tia l grow th w i l l  be a s t r a ig h t  l in e  in  which  
th e  s lo p e  is  equal to  ju.
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2.8 - ANALYTICAL METHODS
2 . 8.1  -  DETERMINATION OF BIOMASS CONCENTRATION
In  o rd e r  to  d e te rm in e  biomass c o n c e n tra t io n  
from  absorbance i t  was necessary  to  p re p a re  a c a l ib r a t io n  
p lo t  as fo llo w s :  One o f  th e  s t r a in s  was c u l t iv a t e d  in  630 
mL o f  sucrose based medium f o r  24 h o u rs . The c e l ls  were 
h a rv e s te d  by c e n t r i fu g a t io n  on MSE -  HS18 c e n t r i fu g e  a t  
1000 X g f o r  10 m inu tes  a t  4 °C .
The s u p e rn a ta n t was d is c a rd e d  and th e  c e l ls  were  
resuspended in  50 mL o f  d i s t i l l e d  w a te r and th en  
re c e n tr ifu g e d  and th e  process was re p e a te d  th re e  t im e s . 
F i n a l ly ,  th e  c e l l s  were resuspended in  10 mL o f  d i s t i l l e d  
w a te r to  g iv e  a th ic k  b u t p ip e t ta b le  s o lu t io n .
Th ree  1 .0  mL a l iq u o ts  o f  th e  suspension were  
t r a n s fe r r e d  to  th re e  v ia ls  a c c u ra te ly  w eighed and p lace d  
to  d ry  in  an oven a t  120 ^C o v e rn ig h t and th e  samples  
were l e f t  to  cool in  a d e s ic c a to r  and rew eighed and th e  
mean d ry  w e ig h t was d e te rm in e d .
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2.8.2 - PREPARATION OF A BIOMASS CALIBRATION PLOT
A f u r t h e r  1 .0  mL a l iq u o t  o f  c e l l  suspension  
was ta k en  and a s e r ia l  d i lu t io n s  made such th a t  th e
absorbance a t  610 nm covered th e  e n t i r e  range from  0 to  
0 .6  . The absorbance o f  th e  s e r ia l  d i lu t io n s  was read
a g a in s t  a b lan k  o f  d i s t i l l e d  w a te r . S in c e  th e  a c c u ra te  d ry  
w e ig h t in  a 1 .0  mL o f  c e l l  suspension was known, th e
e q u iv a le n t  d ry  w e ig h t o f  each d i lu t io n  co u ld  be
c a lc u la te d .
A p lo t  o f  d ry  w e ig h t o f  th e  d i lu t io n s  a g a in s t  t h e i r  
absorbances produces a l in e a r  r e la t io n s h ip  between th e  
t u r b id i t y  measurement and th e  organism  d ry  w e ig h t. The 
whole p rocedu re  was done tw ic e  and th e  averag e  ta k en  ( see  
f i g .  2 . 8 . 2 ) .
2 .8 .3  -  BIOMASS MEASUREMENT DURING EXPERIMENTS
The absorbance a t  610 nm o f  th e  sam ples removed 
from  th e  c u l tu r e  w ere m easured. For re a d in g s  g r e a te r  th an  
0 .6  a 1 /10  d i lu t io n  was used s in c e  th e  r e la t io n s h ip  
biomass c o n c e n tra t io n  ve rs u s  absorbance is  l in e a r  f o r  
abosorbance le s s  th an  0 .7  . The absorbance read in g s  were  
th en  c o n v e rte d  to  biomass c o n c e n tra t io n  by re fe re n c e  to  
th e  c a l ib r a t io n  p lo t .
'V:
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BIOMASS CALIBRATION PLOT - S.cerevisiae (PLA 851).
Factor  =0 .486
0 .0
150135105 1209075604530
Cells Dry Weight (sg/el).
FIGURE 2 . 8 . 2 .  -  CALIBRATION PLOT OF THE CULTURE TURBIDITY
AGAINST BIOMASS DRY WEIGHT
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2.9 - DETERMINATION OF SUCROSE CONCENTRATION
2 . 9 . 1  -  PREPARATION OF DNSA REAGENT
5 .0  g o f  re a g e n t grade 3 ,5  -  d i n i t r o s a l y c i 1 ic  a c id  
was d is s o lv e d  in  100 mL o f  2 M sodium h y d ro x id  s o lu t io n  a t  
70 ^C. Then 150 g o f  potassium  sodium t a r t r a t e  was 
d is s o lv e d  in  100 mL o f  d i s t i l l e d  w a te r a t  70 ^C. A f t e r  
th a t  th e  s o lu t io n s  were m ised and th e  f i n a l  volume made up 
to  500 mL w ith  d i s t i l l e d  w a te r  and s to re d  in  a dark  g la s s  
b o t t le .
2 . 9 . 2  -  PREPARATION OF SUCROSE CALIBRATION PLOT
A s ta n d a rd  s e t  o f  sucrose s o lu t io n s  ran g in g  from  
0 to  20 mg/mL were p rep ared  . A s e r ie s  o f  10 tu b es  
c o n ta in in g  0 .5  mL o f  sucrose w ith  d i f f e r e n t  c o n c e n tra t io n s  
were done and th en  1 .0  mL o f  0 .7 5  M h y d ro c h lo r ic  a c id  was 
added in to  i t  and b o ile d  f o r  30 m in.
A f t e r  t h a t  1 .0  mL o f  0 . 7 5  H sodium h y d ro x id e  was 
added to  n e u t r a l is e  th e  h y d ro lis e d  s o lu t io n .  Samples 
c o n ta in in g  1 .0  mL o f  th e  r e s u lta n t  s o lu t io n  were ta k e n  and
1 .0  mL: o f  DNSA re a g e n t was added in to  each tu b e .
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The tu b es  were mixed on a r o ta r y  s t i r r e r  and 
m arbles were p lace d  o v er th e  mouth o f  each in  o rd e r  to  
av o id  e v a p o ra tio n ,a n d  th en  th e y  were heated  in  a b o i l in g  
W ater ba th  f o r  5 m in u te s .
The tu bes  were th a n  t r a n s fe r r e d  to  an ic e  ba th  
u n t i l  cool and once cool each tu be  was washe o u t in to  a 25 
mL v o lu m e tr ic  f la s k  and made up to  th e  mark w ith  d i s t i l l e d  
w a te r .
The absorbance o f  th e  s o lu t io n s  were measured a t  
540 nm. F i n a l l y ,  th e  absorbances were p lo t te d  a g a in s t  th e  
sucrose c o n c e n t r a t io n .( f i g .  2 . 9 . 2 .  ) .  I f  th e  absorbance
was g r e a te r  th an  0 .7  a te n  fo ld  d i lu t io n  was done.
2 . 9 . 3  -  DETERMINATION OF SUCROSE DURING THE EXPERIMENTS
A 1 .5  mL sam ple was ta ken  from  th e  fe rm e n te r  
v e ss e l and th e  biomass was s e p a ra te d  by c e n t r i fu g a t io n  in  
an EPPENDORF 5413 c e n t r i fu g e  f o r  5 m in u tes .
A liq u o ts  o f  s u p e rn a ta n t 0 .5  mL were p lac e d  in to  
tu b es  c o n ta in in g  1 .0  mL o f  0 . 7 5  M h y d ro c h lo r ic  a c id  and 
w ith  m arb les  o v e r th e  to p  o f  th e  tu b es  ( to  a v o id  
e v a p o ra tio n  ) ,  and th e  b o ile d  in  a w a te r  b a th  f o r  30 
m inutes and th en  n e u tr a l is e d  w ith  1 .0  mL o f  0 . 7 5  M sodium  
h y d ro x id e .
..y;'
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The r e s u lta n t  h yd ro ly sed  s o lu t io n  c o n ta in e d  both  
glucose and f ru c to s e  due to  sucrose h y d ro ly s is ;
A c id  h y d ro ly s is  
Sucrose ---------------------------------------------> G lucose + F ru c to se
The t o t a l  re d u c in g  sugar c o n c e n tra t io n  a f t e r  
h y d ro ly s is  was d e te rm in ed  by th e  DNSA m ethod. T h is  method 
uses th e  re a c t io n  between red u c in g  sugar and DNSA;
3 ,5  - d i n i t r o s a l y c i 1ic  a c id  > 3-am i no 5 -  n i t r o s a ly c i1 ic
a c id .
T h is  produces a c o lo u r  change from  y e llo w  to  red  
d a rk . T h is  can be d e te c te d  s p e c tro p h o to m e tr ic a lly  a t  540 
nm us ing  a s p ec tro p h o to m ete r ( Uni cam -SP  600 SERIES 2 ) .
':r- /' -li  '  L.  '  ■: i  . . . . . . i ' . r t  ii4 ..rr . » _______
'*■ ■' y» mm
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FIGURE 2 . 9 . 2  -  CALIBRATION PLOT FOR DETERMINATION OF
REDUCING SUGAR CONCENTRATION BY DNSA METHOD.
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2.10 - DETERMINATION OF ETHANOL CONCENTRATION
E thano l c o n c e n tra t io n s  were d e term in ed  by g a s - 
l i q u i d  ch ro m atog raphy, u s in g  a PYE s e r ie s  104 GLC apparatus, 
(s e e  s e c t io n  2 . 4 ,  h ) .  The column was packed w i t h  Porapak Q 
80 -  100 mesh and was m a in ta in e d  a t  200 ^C. The moving 
phase was n itro g e n  a t  a f lo w  r a te  o f  36 m l/m in . D e te c tio n  
was made by a fla m e  io n is a t io n  d e te c to r  a t  250 ^C connected  
to  a c h a r t  r e c o rd e r .
A m ic ro s y rin g e  was used to  in tro d u c e  samples in to  
th e  colum n. P ropanol was used as th e  in t e r n a l  s ta n d a rd , 
th us  th e  r a t i o  o f  th e  e th a n o l and propanol peaks were th e  
fe a tu re s  t h a t  were m easured. As th e  propanol c o n c e n tra t io n  
was th e  same in  a l l  sam ples , th ese  r a t io s  were used to  
o b ta in  th e  e th a n o l c o n c e n tra t io n  by re fe re n c e  to  a 
c a l ib r a t io n  p l o t .
2 . 1 0 . 1 .  -  PREPARATION OF ETHANOL CALIBRATION PLOT
A s e r ie s  o f  aqueous s tan d a rd s  were p rep ared  
c o n ta in in g  e th a n o l in  v a r io u s  c o n c e n tra t io n s  from  1 .0  to
9 .0  mg p e r 1 .0  mg o f  is o p ro p a n o l. I t  was p rep ared  as 
fo l lo w s ;  N ine v i a l s  were s e t  up each c o n ta in in g  0 ,1  mL 
o f  Is o p ro p an o l ( 10 mg/ml ) to  produce a f i n a l
c o n c e n tra t io n  o f  1 .0  mg/mL.
/ . . I
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The e th a n o l c o n c e n tra t io n  was in c re a s e d  from  1 .0  to
9 .0  mg/mL in  s u c ce s s ive  v i a l s  by a d d it io n  o f  e th a n o l in  
in crem ents  o f  0 .1  mL and th e  f i n a l  volume in  each v i a l  was 
made up to  1 .0  ml by a d d it io n  o f  d i s t i l l e d  w a te r . A liq u o ts  
o f  2 u l o f  each were run on th e  GLC ap p ara tu s  th re e  tim e s  
ea c h .
The r a t i o  e th a n o l : iso p ro p an o l peak h e ig h t was
c a lc u la te d  and p lo t te d  a g a in s t  th e  re s p e c t iv e  e th a n o l 
c o n c e n tra t io n  to  produce a s t r a ig h t  l i n e  c a l ib r a t io n  p lo t  
( F ig u re  2 . 1 0 . 1  ) .
2 . 1 0 . 2 .  -  ESTIMATION OF ETHANOL IN  EXPERIMENTAL SAMPLES
A liq u o ts  o f  fe rm e n ta t io n  medium ( 2 .0  mL ) were 
c e n tr ifu g e d  to  remove th e  c e l l s  and th en  0 .4  ml o f  
s u p e rn a ta n t w ere added to  0 .1  mL o f  a s ta n d a rd  s o lu t io n  o f  
iso p ro p an o l ( 10 mg/mL ) and th en  m ixed. A liq u o ts  o f  2 uL 
from  each sample were in je c te d  in to  th e  GLC and used to  
d e te rm in e  th e  e th a n o l c o n c e n tra t io n  ( g /L  ) o b ta in e d  from  
an e s ta b lis h e d  c a l ib r a t io n  p lo t  ( see s e c t io n  2 . 10.1 ) ,
:-.1. i l  ' “ l i . ;  ■
ETHANOL CONCENTRATION (mg/ml)
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3 - RESULTS AND DISCUSSION
The grow th o f  m icro -o rg an ism s in  any p a r t ic u la r  
en viron m ent is  governed by th e  r e s t r ic t io n s  t h a t  th e  
en viron m ent imposes on i t s  re g u la to ry  and m e ta b o lic  
p ro c esses . The a b i l i t y  o f  m icro -o rg an ism s to  ad ap t 
c o n t in u a l ly  to  changing c o n d it io n s  in  n a tu re  is  
g r e a t .
In  g e n e ra te d  en v ironm ents  such as s m a lle r  
la b o ra to ry  fe rm e n te rs  th e  m agnitude o f  changing  
c o n d it io n s  is  reduced p r o p o r t io n a l ly ,  s in c e  i t  is  
p o s s ib le  to  a c h ie v e  n e a r to  p e r f e c t  en v iro n m e n ta l 
c o n d it io n s  as c lo s e ly  to  a s e t  p o in t  as d e s ire d .
In v e s t ig a t io n s  in t o  a l t e r n a t iv e  y e a s ts  s t r a in s  
ca p a b le  o f  p ro d u c in g  a lc o h o l a t  h ig h e r  te m p e ra tu re  
and e th a n o l le v e ls  has in c re a s e d .
F e rm e n ta tio n s  processes which u t i l i s e  renew ab le  
reso u rc es  such as su gar cane ju ic e ,  g ra in  e x t r a c t s ,  
c e l lu lo s e ,  s ta rc h  and o th e r  p o ly s a c h a r id e s  as
s u b s tra te s , have in v o lv e d  Saccharomyces c e r e v is ia e  
and i t s  r e la t e d  s p e c ie s .
The c u l t u r e  o f  s t r a in s  o f  y e a s ts  w hich e x h ib i t  
s ig n i f i c a n t l y  g r e a te r  le v e ls  o f  e th a n o l and
th e rm o to le ra n c e  a re  seem as v i t a l l y  im p o rta n t
developm ents w hich w ould a llo w  a more e f f i c i e n t  
u t i l i s a t i o n  o f  s u b s t ra te .
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In  th e  l a s t  te n  y e a rs , s ig n i f ic a n t  im provements  
in  th e  te ch n o lo g y  a v a i la b le  f o r  both  th e  a g r ic u l t u r a l  
and th e  in d u s t r ia l  s ta g e s  o f  e th a n o l p ro d u c tio n  have  
been a c h ie v ed  3 ,5 ,6 ,6 ,9 ,2 0 ,5 3 ,9 4 ,9 8  e f f i c i e n t
fe rm e n ta t io n  o f  su crose  found in  th e  su gar cane ju ic e  
and m olasses is  a key to  th e  economic p ro d u c tio n  o f  
e th a n o l from  th e s e  raw m a te r ia ls  in  a c o u n try  l i k e  
B r a z i1 .
The fo l lo w in g  s e c tio n s  d e s c r ib e  th e  r e s u lts  o f  
exp e rim en ts  c a r r ie d  o u t w ith  th e  aim s o f  o p t im iz in g  
e th a n o l p ro d u c tio n  a t  h ig h  te m p e ra tu re s  by 
Saccharomyces c e r e v is ia e  ( PLA 851 ) in  a chem ostat 
c u ltu r e  w ith  feedb ack  o f  biom ass.
The s e le c t io n  o f  th e  s t r a in  was based on p re v io u s  
b a tch  t e s t s  and th e  r e s u lts  a re  th e  average  
p aram eters  e v a lu a te d  from  e x p e rim e n ta l d a ta .
The c o n tin u o u s  ex p erim e n ts  w ere perfo rm ed  in  a 
chem ostat w ith  feedb ack  o f  biomass in  o rd e r  to  
e v a lu a te  th e  e f f e c t s  o f  changing te m p e ra tu re s , f lo w  
ra te s  and s u b s tra te  c o n c e n tra t io n s  on th e  p ro d u c tio n  
o f  e th a n o l by Saccharomyces c e r e v is ia e  ( PLA 851 ) .
ik'^î-;;-
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3 .1  -  SELECTION OF APPROPRIATE STRAINS FROM BATCH 
DATA ANALYSIS.
In  o rd e r  to  s e le c t  an a p p ro p r ia te  s t r a in  to  
proceed w ith  th e  c o n tin u o u s  c u ltu r e  e x p e rim e n ts , tw o  
Saccharomyces c e r e v is ia e  ( 4 2 -F  and PLA S51 ) ,  and 
Saccharomyces b o u la r d i i  ( IZ  1904 ) s t r a in s  which
a re  a l l  w id e ly  used in  th e  B r a z i l ia n  A lco h o l 
fe rm e n ta t io n  in d u s tr y ,  w ere batch  c u ltu re d  and some 
o f  t h e i r  k in e t ic  p aram eters  d e te rm in ed  a t  
te m p e ra tu re s  o f  30 ^ , 35®, and 40® C.
T a b le  3 .1  shows th e  k in e t ic  p a ram e ters  
an a ly s ed  th ro u g h  th e s e  c u rv e s . The maximum s p e c i f ic  
grow th r a te s  w ere d e te rm in e d  as d e s c rib e d  in  2 .7 .  As 
can be seen in  t a b le  3 .1  th e  v a lu e s  o f  A#max decreased  
as th e  te m p e ra tu re  in c re a s e d .
Our d a ta  a re  in  agreem ent w ith  t h a t  o f  van  
Uden^T, who p o in te d  o u t t h a t  when a p o p u la tio n  o f  
Saccharomyces c e r e v is ia e  i s  t r a n s fe r r e d  t o  a l iq u id  
s t i r r e d  medium in c u b a te d  a t  a te m p e ra tu re  between th e  
optimum and th e  maximum, th e  s p e c i f ic  grow th r a te  
decreases  w ith  in c re a s in g  te m p e ra tu re . However, 
Saccharomyces c e r e v is ia e  ( PLA 851 ) showed h ig h e r  
v a lu e s  o f  A#max f o r  each te m p e ra tu re  te s te d ,  compared 











9 /g .h  )
Yp/S
Sacch. 30 .2 6 .91 3 .5 1 .3 .37
.V-. c e r e v is ia e 35 .21 .7 6 4 .7 1 .5 .3 2
40 .0 8 .3 0 2 .6 1 .0 .3 8
.r-;
Sacch. 30 .2 3 1 .3 3 .3 1.6 .4 8
b o u la r d i i 35 .1 8 1 .2 3 .6 1 .7 .47
IZ  1904 40 .12 0 .5 1,2 0 .6 .5 0
--------------------------------------------------------------------
Sacch. 30 .4 2 1 .5 3 .0 1 .6 .5 3
c e r e v is ia e 35 .3 8 1 .3 4 .7 2 .2 .4 7
PLA 851 40 .2 9 0 .7 2 .4 1 .3 .5 4
TABLE 3 .1  -  SHOWING THE EFFECT OF TEMPERATURE ON THE 
SPECIFIC GROWTH RATE, ETHANOL Y IELD, SPECIFIC SUCROSE 
UPTAKE AND ETHANOL PRODUCTION RATES AND BIOMASS IN  A 
2 % SUCROSE MEDIUM ON THE THREE SACCHAROMYCES
ALCOHOL -  PRODUCING STRAINS.
«. , ! '•' i ' /• » I'l . r . ' ‘ ■- . 4 ' • . . ' f . • ° ' . .1 —  • . ‘J - ./ 4 • •-«- « Li.'j.. .
i ' s  / y y -  - r’ -..y ' . - y . ; / .. 7 . ^  . T
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The s p e c i f ic  r a t e  o f  s u b s tra te  consum ption (q ^ )  
in  a c u l tu r e  is  g iv e n  by :
qg = d s /d t  . 1/ x  
Where x is  th e  biomass c o n c e n tra t io n .
The th re e  s t r a in s  showed h ig h e r  v a lu e s  o f  
sucrose u p tak e  a t  35 ®C. The Saccharomycea c e r e v is ia e  
< PLA 651 ) s t r a in  showed th e  h ig h e s t v a lu e s  f o r  each  
te m p e ra tu re  compared to  th e  o th e r  s t r a in s .
The r a t i o  o f  c e l l s  produced to  s u b s tra te  
consumed is  d e f in e d  as y ie ld  c o e f f ic ie n t  ( Y ) .  
G e n e ra lly , y ie ld  c o e f f ic ie n t s  a re  used to  
c h a r a c te r iz e  fe rm e n ta t io n  p ro c esses . However, th e y  
depend on b io lo g ic a l  p a ram eters  ( Og, C/N r a t i o  and 
P c o n te n t o f  th e  medium ) .
The p r o d u c t iv i t y  o f  a c u l tu r e  system  may be 
d e s c rib e d  as th e  o u tp u t o f  biomass o r  p ro d u c t p e r  
u n i t  o f  t im e  o f  th e  fe rm e n ta t io n . Thus, th e  
p r o d u c t iv i t y  o f  a b a tch  c u ltu r e  may be re p re s e n te d  
as ;
R batch “ ( ^max ~ *o  + t ^ j  )
Where R patch " O u tp u t o f  a c u l tu r e  in  term s o f  
c e l l  o r  p ro d u c t c o n c e n tra t io n  p e r  h o u r.
- 1 . i - ' ••= •■■■•■'■hi v ' i - 1 . i  -V - . . - - V '  - j ' - r  'v."' -I-
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^max ^ Maximum c e l l  o r  p ro d u c t c o n c e n tra t io n  
a c h ie v e d .
Xq = I n i t i a l  c e l l  o r  p ro d u c t a t  in o c u la t io n .
T j = The t im e  d u rin g  w hich th e  organism  grows a t  
^max*
T ^ i = I s  th e  t im e  d u rin g  w hich th e  organism  is  
n o t grow ing a t  /imax» in c lu d in g  t im e  f o r  
s e t t in g  -  up th e  process^
A ccord ing  to  th e  y ie ld s  r e s u lts  p re s e n te d  in  
T a b le  3 .1 ,  Saccharomyces c e r e v is ia e  PLA 861 showed 
th e  h ig h e s t y ie ld  v a lu e  ( Y p /g  = 0 .5 4  ) a t  40 ®C. 
Then, t h is  s t r a in  was chosen f o r  th e  e x p erim e n ts  in  
co n tin u o u s  c u ltu r e  w ith  and w ith o u t feedb ack  o f  
biom ass.
F ig u re s  3 -1  ( a ) ,  (b )  and ( c )  shows th e  grow th  
cu rves  f o r  biomass p ro d u c tio n , su crose  consum ption  
and e th a n o l p ro d u c tio n  by Saccaromyces c e r e v is ia e  PLA 
651 a t  d i f f e r e n t  te m p e ra tu re s .










FIGURE 3 .1 .  a  -  GROWTH CURVE OF SACCHAROMYCES 
CEREVISIAE (PLA 8 5 1 ) IN  A BATCH EXPERIMENT AT 30 ®C 
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FIGURE 3 .1 .  b -  GROWTH CURVE OF SACCHAROMYCES 
CEREVISIAE (PLA 8 5 1 ) IN  A BATCH EXPERIMENT AT 35 °C  
ON 2% SUCROSE MEDIUM.
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FIGURE 3 .1 .  c -  GROWTH CURVE OF SACCHAROMYCES 
CEREVISIAE (PLA 8 5 1 ) IN  A BATCH EXPERIMENT AT 40  ®C 
ON 2 % SUCROSE MEDIUM.
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A l t e r n a t i v e l y , th e  e lo p e  o f  th e  ta n g e n t o f  th e  
p ro d u c t fo rm a tio n  cu rv e  ie  a measurement o f  maximal 
p r o d u c t iv i t y .
T h is  method has been used In  o u r e x p e rim e n ts . 
The s p e c i f ic  r a t e  o f  p ro d u c tio n , qp . Is  g iv e n  by th e  
fo l lo w in g  e q u a tio n  :
qp = ( d p /d t  ) / x
F or th e  th r e e  s t r a in s  th e  maximal e th a n o l 
p ro d u c tio n  r a t e  was ac h ie v e d  a t  35 ^C, f a l l i n g  a t  40
o c .
The e th a n o l y ie ld s  o f  s e v e ra l s p e c ie s  o f  
y e a s t have been te s te d  and shown t o  d ecrease  w ith  
In c re a s in g  fe rm e n ta t io n  t e m p e r a t u r e ^ ® . 
However, th e  p resence  o f  s t e r o ls  seems t o  reduce th e  
d is o rd e r in g  e f f e c t s  o f  e le v a te d  te m p e ra tu re s  on th e  
f l u i d i t y  membranes .
A la r g e r  number o f  te m p e ra tu re  -  s e n s i t iv e  
c e l l u l a r  c o n s t itu e n ts  o r  processes have been d e te c te d  
In  a  w id e  v a r ie t y  o f  y e a s t ^ * » ^ ® * * * » * ^ * * * '* ? .
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3 .2  -  DESIGN AND OPERATION OF THE CHEMOSTAT WITH 
FEEDBACK OF BIOMASS.
The chem ostat w ith  feedback o f  biomass used In  
our e x p e rim e n ts  was based on th e  model ( d ) ,  see
s e c tio n  1 .2 .4 .  The f ig u r e  3 .2  ( a ) ,  shows th e
d iagram m atic  re p re s e n ta t io n  o f  th e  chem ostat w ith  
feedb ack  o f  biom ass.
The chem ostat c o n s is ts  o f  two r e s e rv o ir s  ( 1 , 7 )  
w ith  20 l i t e r s  c a p a c ity ;  one fe rm e n te r  g la s s  ve ss e l o f  1
L i t e r  c a p a c ity  w ith  690 mL w orking  volume ( 3 ) ;  two
p e r i s t a l t i c  pumps ( 2 , 6 ) ;  one s e d im e n ta tio n  v e s s e l
w ith  w ork ing  volume o f  110 mL; and a C ite n c o  m otor d r iv e  
( 4 ) pow ering  a m ag n etic  s t i r r e r  p ro v id in g  a g i t a t io n  
and a e r a t io n .
The f ig u r e  3 .2  ( b ) and 3 .2  ( c ) shows th e  
a p p a ra tu s  c o n s tru c te d  w ith  a n g le - ir o n  fra m e s , s u p p o rtin g  
th e  main p a r ts  o f  th e  ch em ostat, t h a t  I s ,  th e  fe rm e n te r  
v e s s e l,  m otor d r iv e ,  p e r i s t a l t i c  pumps and th e  
s e d im e n ta tio n  v e s s e l .
The chem ostat was covered  by p o ly th e n e  s h e e ts  in  
o rd e r  to  keep th e  te m p e ra tu re  c o n s ta n t In  th e  system  as  
a w hole .
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FIGURE 3 .2  ( a ) :  SCHEMATIC DIAGRAM OF THE CONTINUOUS
STIRRED REACTOR WITH RECYCLE OF BIOMASS.
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F ig u re  3 .2  ( b ) :  THE APPARATUS USED IN  THE CONTINUOUS
CULTURE WITH FEEDBACK OF BIOMASS.
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F ig u re  3 .2  ( c ) :  SHOWS THE POLYTHENE SHEETS COVERING
THE APPARATUS TO KEEP THE TEMPERATURE 
CONSTANT.
108
In  most m ic ro b io lo g ic a l p ro cess es , foam ing is  a  
prob lem . The commonest cause is  due to  p ro te in s  in  th e  
medium, w hich may d e n a tu re  a t  th e  a i r - b r o t h  in t e r f a c e  
and fo rm  a s k in  w hich does n o t ru p tu re  r e a d i ly .
The foam ing can cause removal o f  c e l l s  from  th e  
medium which w i l l  le a d  to  a u to ly s is  and th e  f u r t h e r  
re le a s e  o f  m ic ro b ia l c e l l  p ro te in s  w i l l  p ro b a b ly  
in c re a s e  th e  s t a b i l i t y  o f  th e  foam . I f  u n c o n tro lle d  th en  
th e  a i r - f l i t e r  e x i t s  o f  th e  fe rm e n te r  become w et and 
th e re  is  danger o f  m ic ro b ia l in f e c t io n  and th e  
p o s s i b i l i t y  o f  s ip h o n in g  le a d in g  to  lo s s  o f  p ro d u c t.
Foaming is  n o rm a lly  c o n tr o l le d  by e i t h e r  
chem ica l o r  m echanical means. Chem ical a n tifo a m s  a re  
s u rfa c e  a c t iv e  ag en ts  w hich reduce th e  s u rfa c e  te n s io n  
in  th e  foam s. However, th e  c o n c e n tra t io n  o f  many 
a n tifo a m s  w hich a re  necessary  to  c o n tro l fe rm e n ta t io n  
w i l l  reduce th e  o x y g e n -tra n s fe r  r a te  by as much as 50 %, 
th e r e fo r e  a n tifo a m  a d d it io n s  must be k e p t to  an a b s o lu te  
minimum*^.
In  o u r ex p e rim e n ts  a m echanical foam b re a k e r  
d e v ic e  was used in s te a d  o f  chem ical a n t i  foam s. I t  was 
developed  in  o u r la b o r a to ry  and f i t t e d  on th e  to p  o f  th e  
p ip e  mouth d r a in  tu b e  in s id e  o f  th e  fe rm e n te r  v e s s e l.  I t  
is  form ed by a t e f lo n  r in g ,  a b o ro s i l i c a t e  tu b e  and 
th re e  w ire  s u p p o rt h e ld  in  p la c e  w ith  s i l ic o n e  s le e v e s ,  
see f ig u r e  3 .2  ( d ) .
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F ig u re  3 .2  ( d ) :  SHOWS THE MECHANICAL ANTI-FOAM BREAKER
DEVICE.
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The h ig h  degree o f  a e r a t io n  and a g i t a t io n  
f r e q u e n t ly  g iv e s  r is e  to  th e  u n d e s ira b le  phenomenon o f  
foam fo rm a t io n . In  ex trem e c ircu m stan ce s  th e  foam may 
o v e r f lo w  from  th e  fe rm e n te r  v ia  a i r  o u t le t  o r  sample  
l in e  r e s u lt in g  in  th e  lo s s  o f  medium and p ro d u c t, as  
w e ll as in c re a s in g  th e  r is k  o f  c o n ta m in a tio n .
The e f f e c t s  o f  t h a t  m echanical a n tifo a m  b re a k e r  
d e v ic e  was observed  d u rin g  co n tin u o u s  ex p erim e n ts  a t  
h ig h  te m p e ra tu re s . The in c re a s e s  in  th e  te m p e ra tu re  o f  
fe rm e n ta t io n  reduced th e  phenomenon o f  foam fo rm a tio n  
( d e c re a s in g  th e  v is c o s i ty  ) and i t  a ls o  h e lp ed  us to  
m a in ta in  th e  c o n tro l o v e r th e  o u tf lo w  r a t e  from  th e  
fe rm e n te r  to  th e  s e d im e n ta tio n  v e s s e l,  see f ig u r e  3 .2  
( e ) and ( f  ) .
The c o n tin u o u s  c u ltu r e  ex p e rim e n ts  w ith  and 
w ith o u t feed b ack  w ere c a r r ie d  o u t under th e  c o n d it io n s  
d e s c rib e d  in  s e c t io n  2 . 5 . 2 .  When th e  c e l l s  a c h ie v ed  
l a t e  e x p o n e n tia l phase in  ba tch  c u l t u r e ,  th e  co n tin u o u s  
in f lu x  o f  medium was s t a r t e d .  The f lo w  r a te  was 
d e te rm in ed  m easuring th e  tim e  ( min ) to  f i l l  a 10 mL 
v o lu m e tr ic  v e s s e l w ith  c u l t u r e .  The d i lu t io n  r a te s  were  
c a lc u la te d  d iv id in g  th e  f lo w  r a t e  by th e  volume o f  
c u ltu r e  in s id e  o f  th e  fe rm e n te r  ( 690 mL ) .
Each e x p e rim e n t s t a r te d  a t  30 °C . A f t e r  a s te a d y  
s t a t e  had been a c h ie v e d  samples s t a r te d  t o  be c o l le c te d  
e v e ry  8 o r  12 h o u rs .
Ill
The te m p e ra tu re  o r  d i lu t io n  r a t e  w ere changed  
a f t e r  a p p ro x im a te ly  100 hours o f  e x p e r im e n t.
FIGURE 3 .2  ( e ) :  SHOWS THE MECHANICAL ANTI-FOAM BREAKER
DEVICE INSIDE OF THE FERMENTER VESSEL.
112
FIGURE 3 .2  ( f  ) :  SHOWS THE SEDIMENTATION VESSEL WITH
A "T" CONNECTION TUBE USED TO RECYCLING 
THE CONCENTRATED BIOMASS.
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For th e  co n tin u o u s  ex p e rim en ts  w ith  feedb ack o f  
biom ass, th e  p ro ceed in g s  were s im i la r ,  b u t a f t e r  a 
s te a d y  s t a t e  had been a ch ieved  th e  c o n c e n tra to r  vesse l 
was connected to  th e  m ain system .
The w o rk ing  volume to  c a lc u la te  th e  d i lu t io n  
r a te  in  t h is  ca se , in c lu d e s  th e  volume in s id e  o f  th e  
c o n c e n tra to r  ( 110 mL ) .  The d i lu t io n  r a te s  were 0 . 0 5 ,  
0 . 1 0 ,  0 . 1 5 ,  0 . 2 0  and 0 . 2 5  h*"^.
3 .3  -  GROWTH AND ETHANOL PRODUCTIVITY UNDER CONTINUOUS
CULTURE WITH AND WITHOUT FEEDBACK AT TEMPERATURE 
OF 3 0 , 35 AND 40 % .
The t a b le  3 .3  a and b , shows some k in e t ic  
p ara m eters  from  Saccharomyces c e r e v is ia e  PLA 851 grow ing  
w ith  and w ith o u t r e c y c lin g  o f  c e l l s ,  on 2 % sucrose
medium a t  te m p e ra tu re s  o f  3 0 , 35 and 40 ®C.
The d i lu t io n  r a te  f o r  th e  e x p e rim en ts  w ith o u t
feedb ack  was 0 .1 0  h~^, below th e  AJm^x d e te c te d
( 0 .2 9  h~^ ) f o r  th e  s t r a in  under b a tch  mode a t  40 ®C.
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FERMENTATION PARAMETERS
T D X 8 P a 9 b 41 Pcont O sc .F req
h-1 9 /1 9 /1 9 /1 h“ ^ 9 / 1 . h (juHz)
30 0 .1 0 .72 nd 6.1  - — — 0 .10 .61 8 .7
35 0 .1 0 .7 0 nd 5 .4  - -  -  0 . 10 .5 5 8 .7
40 0 -10 .4 2 2 .7 3 -2  - — — 0 .10 .3 2 4 .0
T = te m p e ra tu re  ( °C  )
D = d i lu t io n  r a t e  ( )
X = biomaee in  s te a d y  s t a t e  ( g / l  )
8 = a v erag e  su crose cone, in  s te a d y  s t a t e  ( g /1  )
p = averag e  e th a n o l conc. in  s te ad y  s t a t e  ( g / 1  )
nd = n o t -  d e te c te d
41 = grow th r a t e  ( h”  ^ )
Pcont = p r o d u c t iv i t y  ( g / l . h  )
O sc .F re q  = O s c i l l a t io n  fre q u e n c y  ( /uHz )
( E th an o l c o n c e n tra t io n  ) .
TABLE 3 .3  a -  Shows th e  k in e t ic  p aram eters  from  
Saccharomyces c e r e v is ia e  PLA 851 in  c o n tin u o u s  c u ltu r e  
w ith o u t feedb ack  o f  biomass in  2% sucrose medium a t  
d i f f e r e n t  te m p e ra tu re s .
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FERMENTATION PARAMETERS
T D  X s p  a  9 B 4# Pcont Osc.freq 
g /1  g / l  g / l  g / l . h  ( juHz )
30 .1 0  2 .1  nd 10 .2  .157 1 . 4  .92  . 09  1 . 0  3 . 5
35 . 10  1 . 9  nd 11 .2  .157  1 .5  .91 .09  1.1 3 . 5
40 . 10  1 . 8  nd 1 1 .9  .157  1 . 8  . 85  . 08  1 . 2  5 . 0
T = te m p e ra tu re  ( )
D = d i lu t io n  r a t e  ( h*"  ^ )
X = biomaee in steady state ( g / l  )
8 = averag e  su cro se  conc. in  s te a d y  s t a t e  ( g / l  )
p = average  e th a n o l conc. in  s tead y  s t a t e  ( g / l  )
a , g and B = d im e n s io n le s s  c o n s ta n ts  
nd = n o t -  d e te c te d
u = grow th r a t e  ( hT^ )
Pcont = productivity ( g / l . h  )
Osc. f r e q  = O s c i l la t io n  fre q u e n c y  ( juHz )
( E th an o l c o n c e n tra t io n  ) .
TABLE 3 .3  b -  Shows k in e t ic  p a ra m e ters  from
Saccharomyces c e r e v is ia e  PLA 851 in  co n tin u o u s  c u ltu r e  
w ith  feedb ack o f  biomass on 2 % su crose  medium a t  
d i f f e r e n t  te m p e ra tu re s .
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The co n tin u o u s  c u l tu r e  te c h n iq u e  e n a b le s  an 
a n a ly s is  o f  p h y s io lo g ic a l s ta te s  o f  organism s under 
s te a d y  s t a t e  c o n d it io n s  when n u t r ie n t  c o n c e n tra t io n  
rem ains c o n s ta n t f o r  a h ig h  number o f  g e n e ra t io n s .  
However, because th e  e n v iro n m e n ta l c o n d it io n s  t h a t  
p r e v a i l  in  a co n tin u o u s  f lo w  system  a re  q u i te  d i f f e r e n t  
from  th o se  in  c lo s e d  system  c u ltu r e s ,  m icroorganism s  
may express  unexpected fe a tu r e s  o f  b e h av io u r
F ig u re s  3 .3  ( a ) and ( b ) ,  shows th e  r e s u lts  
o f  th e  ex p e rim e n ts  w ith o u t and w ith  feedb ack o f  
biom ass. Under c o n d it io n s  o f  no feedb ack  ( B = 1 ) ,  
s u s ta in e d  o s c i l l a t io n s  in  both  e th a n o l c o n c e n tra t io n  
and biomass were o b served . E thano l c o n c e n tra t io n s  a t  
te m p e ra tu re s  o f  30 and 35 o s c i l la t e d  w ith  a
fre q u en c y  o f  8 .7  m ic ro h e rtz  d rop p in g  to  4 .0  m ic ro h e rtz  
a t  40 *C .
A m p litu des  o f  o s c i l l a t i o n  were o f  th e  o rd e r  o f  
2 .0  g /1 .  Biomass a ls o  o s c i l la t e d  w ith  much th e  same 
fre q u en c y  b u t was much more l im i t e d  in  a m p litu d e  
( < 0 . 1  g /1  ) .
Under c o n d it io n s  o f  feedback ( B = 0 .9  ) ,
s u s ta in e d  o s c i l l a t io n s  in  e th a n o l c o n c e n tra t io n  were  
a ls o  observed  b u t a t  a low er fre q u e n c y  o f  3 .5  
m ic ro h e rtz  a t  30 and 35 r is in g  s l i g h t l y  to  5 .0
m ic ro h e rtz  a t  40 ®C.
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A m p litu d e s  o f  e th a n o l o s c i l l a t io n s  w ere o f  th e  
same o rd e r  as under no feed b ack  c o n d it io n s  b u t biomass 
a m p litu d e s  w ere o f  a much g r e a te r  o rd e r  ( 1 g /1  ) .  A 
c o n s id e ra b le  p r o d u c t iv i t y  in c re a s e  was observed under 
feedb ack  c o n d it io n s  r is in g  from  0 .3 2  g / l . h  to  1 .2  g / l . h  
a t  40 *C .
B o rzan i e t  a l . ^ *  found o s c i l l a t io n s  o f  low  
a m p litu d e  f o r  th e  c e l l s  and th e  s u b s tra te  
c o n c e n tra t io n s  w o rk ing  w ith  Saccharomyc&s c e r e v is ia e  
grow ing under a e ro b ic  and a n a e ro b ic  co n tin u o u s  c u l t u r e .  
However, th e y  observed  t h a t  th e  averag e  y ie ld  
c o e f f ic ie n t s  d u r in g  th e  t r a n s ie n t  s ta te s  were eq u a l to  
th e  y ie ld  c o e f f i c ie n t  o b ta in e d  d u rin g  s te a d y  s t a t e  
e x p e rim e n ts .
O s c i l la t io n s  have a ls o  been re p o rte d  in  chem ostat 
c u ltu r e s  o f  Saccharomyces c e r e v is ia e  by P o rro  e t  a l.® ® .
The a u th o rs  re p o rte d  t h a t  th e  p e r io d  o f  o s c i l l a t io n s  
seemed t o  be r e la t e d  to  th e  mass d o u b lin g  t im e ,  
showing a r e la t io n s h ip  w ith  th e  p a re n t c e l ls  and 
d a u g h te r c e l l s  g e n e ra t io n  t im e . They concluded  t h a t  th e  
o s c i l la t io n s  w ere r e la t e d  to  a c o n d it io n  o f  grow th t h a t  
does n o t a l lo w  a f u l l  m etabo lism  o f  g lu co se  d u rin g  
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FIGURE 3 .3  a  -  Shows th e  r e s u lts  o f  a C ontinuous  
c u ltu r e  e x p e rim e n t w ith o u t  feedback o f  biomass on 2 %
sucrose medium a t  D = 0 .1 0
te m p e ra tu re s .
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FIGURE 3 .3  b -  Shows th e  r e s u lts  o f  a C ontinuous  
c u ltu r e  e x p e rim e n t w ith  feed b ack  o f  biomass on 2%
sucrose medium a t  
te m p e ra tu re s .
D = 0 .1 0  h“ 1 a t  d i f f e r e n t
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The complex changes o f  th e  c e l l  p o p u la tio n  were  
dem onstra ted  by co n tin u o u s  and p e r io d ic  m o d if ic a t io n  o f  
c e l l  volume and p r o te in  d is t r ib u t io n .  Eventhough, th e  
re s e a rc h e rs  d id  n o t work under a n a e ro b ic  c o n d it io n s ,  
th e  e x p la n a t io n  m igh t be exten ded  to  th e  o s c i l la t io n s  
found f o r  e th a n o l p ro d u c tio n .
For th e  e th a n o l p r o d u c t iv i ty  c a lc u la t io n s  p can  
be used in s te a d  o f  x .  However, in  la b o ra to ry  
ex p e rim en ts  th e  p r o d u c t iv i t y  can be o b ta in e d  as th e  
p ro d u c t o f  D X p .
We can see t h a t  th e  e th a n o l p r o d u c t iv i t y  w ith o u t  
feedb ack  was ab ou t 50 % o f  th e  p r o d u c t iv i t y  w ith  c e l l  
r e c y c lin g  f o r  th e  te m p e ra tu re s  o f  30 and 35 ^C. A t 40  
®C, th e  p r o d u c t iv i t y  w ith o u t feedback was o n ly  30 % 
compared to  th e  p r o d u c t iv i t y  w ith  feedb ack  o f  biom ass.
Biomass grow th in  co n tin u o u s  c u l t u r e  is  l im i t e d  
by th e  amount o f  s u b s t ra te .  A f a l l  in  th e  biomass 
c o n c e n tra t io n  w i l l  be a s s o c ia te d  w ith  a r is e  in  th e  
s u b s tra te  c o n c e n tra t io n . T h is  is  c o n s is te n t  w ith  o u r  
r e s u l ts  a t  40 w ith o u t  fe e d b a c k .
The h ig h  te m p e ra tu re  le d  to  a f a l l  in  th e  
biomass le v e l  w ith  a  r is e  in  th e  re s id u a l sucrose  
c o n c e n tra t io n  and a d ecrease  in  th e  e th a n o l 
p ro d u c tio n .
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The p r o d u c t iv i t y  o f  a co n tin u o u s  fe rm e n ta tio n
m ig h t be l im i t e d  by th e  low c o n c e n tra t io n  o f  y e a s t  
c e l ls  in  th e  fe rm e n te r . As i t  has a lre a d y  been s a id ,  
th e  d i lu t io n  r a te  must be le s s  th a n  th e  maximum 
s p e c i f ic  grow th  r a t e .  However, by s e p a ra t in g  a 
f r a c t io n  o f  c e l l s  from  th e  c u ltu r e  and re tu rn in g  th en  
to  th e  fe rm e n te r  t h is  l im i t a t io n  can be overcome
A ccord ing  to  th e  K in e t ic s  o f  chem ostat w ith  
e x te rn a l feed b ack  o f  biom ass, in  th e  s te a d y  -  s t a t e
>u = B.D where 0 < B < 1 , w hich e n a b le s  th e
chem ostat to  be o p e ra te d  a t  d i lu t io n  r a te s  g r e a te r  
th an  Ufniix.
The B f a c t o r  is  c a lc u la te d  from  th e  e q u a tio n  :
B = ( 1 -  ag ) / (  1 -  a  )
Where ( g ) is  th e  r a t i o  o f  th e  biomass
c o n c e n tra t io n  in  th e  fe rm e n te r  to  th e  biomass in  th e  
c o n c e n tra te d  s tre a m , and ( a ) is  expressed  by th e  
e q u a tio n  below  :
a = ( Fa -  F ) / (  Fg )
Where F is  th e  fe e d  s tream  v o lu m e tr ic  f lo w  
r a t e ,  and Fg is  th e  b le e d  s tream  f lo w  r a t e .
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3.4 - EFFECT OF DILUTION RATE ON THE OUTCOME OF
CHEMOSTAT OPERATIONS WITH FEEDBACK OF BIOMASS 
AT 40  °C .
The T a b le  3 .4  shows th e  e f f e c t  o f  d i lu t io n  
r a te  on th e  p r o d u c t iv i t y  o f  Saccharomyces c e r e v is ia e  
PLA 851 s t r a in  grow ing on 2 , 5 , 10 and 20 % sucrose  
medium a t  40 ^C.
The p r o d u c t iv i t y  v a lu e s  in c re a s e d  w ith  D f o r  a l l  
sucrose c o n c e n tra t io n s .
The h ig h e s t p r o d u c t iv i t ie s  w ere found a t  D = 
0 .2 5  h”*^  f o r  bo th  10 and 20 % i n i t i a l  su crose
c o n c e n tra t io n  r e s p e c t iv e ly ,  5 .6  and 4 .7  ( g / l . h  ) .
A t t h is  d i lu t io n  r a t e  ( D = 0 .2 5  h”  ^ ) th e  e f f e c t  
o f  te m p e ra tu re  on th e  s p e c i f ic  grow th r a t e  becomes 
e v id e n t .
S im i la r  p r o d u c t iv i t ie s  were observed  f o r  5 and 
20 % i n i t i a l  su crose  c o n c e n tra t io n  a t  D = 0 .0 5  hT^. 
The h ig h e s t v a lu e  o f  e th a n o l p r o d u c t iv i t y  a ls o  
o c u rre d  a t  D = 0 . 2 0  h“"^  ( 4 .3  g / l . h  ) .  A t
te m p e ra tu re s  h ig h e r  th a n  th e  optimum ( 30 f o r
y e a s t ) th e  th e rm a l d ea th  r a t e  is  in c re a s e d  and th e  
c r i t i c a l  d i lu t io n  r a t e  ( w hich is  r e la t e d  t o  u „ ^  ) 
i s  d e c re as e d .
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FERMENTATION PRODUCTIVITIES ( g / L . h  )
D i lu t io n
r a te





0 . 0 6 0 . 6 1 .4 1 .6 1 .4
0 . 1 0 1.1 1 .8 2 . 4 2 . 5
0 . 1 5 1 .5 2 . 0 2 . 8 2 . 5
0 . 2 0 1 .9 2 . 2 3 .1 4 . 3
0 .2 5 2 . 0 2 . 9 5 . 6 4 . 7
TABLE 3 .4  -  P r o d u c t iv i ty  o f  Saccharomyces c e r e v is ia e  
( PLA 851 ) in  a  m edia w i t h  2 ,  5 ,  10 and 20 % sucrose  
as carbon so urce  a t  40 in  co n tin u o u s  c u ltu r e
e x p e rim e n t w ith  feed b ack  o f  biomass a t  d i f f e r e n t  
d i lu t io n  r a te s .
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A m ath em atic a l model f o r  g lu co se  t o  e th a n o l 
fe rm e n ta t io n  a t  h ig h  y e a s t c e l l  c o n c e n tra t io n  was 
developed  by Lee e t  a l . ^ G
A ccord ing  to  th e  m odel, th e  B /F  r a t i o  is  th e  
r a t i o  o f  b le e d  s tream  v o lu m e tr ic  f lo w  r a te  ( which  
corresponds to  th e  Fq from  th e  k in e t ic  e q u a tio n  ) to  
fe e d  s tream  v o lu m e tr ic  f lo w  r a t e .
A B /F  = 1 o ccurs  when th e re  is  no c e l l
r e c y c lin g .
As th e  B /F  r a t i o  is  decreased  th e  d i lu t io n  
r a te  can be in c re a s e d  w h ile  s t i l l  m a in ta in in g  th e  
same o u t p u t c o n c e n tra t io n  o f  p ro d u c t.
S in c e  p r o d u c t iv i t y  can a ls o  be d e s c rib e d  as th e  
p ro d u c t o f  th e  d i lu t io n  r a te  and th e  p ro d u c t 
c o n c e n tra t io n , d e c re a s in g  B /F  in c re a s e s  p r o d u c t iv i t y .  
However, th e  s im u la t io n  c o n d it io n s  a re  t h a t  th e  b le e d  
stream  r a t e  is  h e ld  c o n s ta n t, b u t th e  fe e d  r a te  
in c re a s e d . T h a t would le a d  to  in c re a s in g  in  th e  c e l l  
c o n c e n tra t io n  o f  th e  fe rm e n te r .
Our e x p e r ie n c e  showed t h a t  a v e ry  h ig h  
c o n c e n tra t io n  o f  c e l l s  i n  th e  b le e d  s tre am  imposes a 
heavy burden on th e  c e l l  s e p a ra t io n  u n i t  caus ing  
fre q u e n t f a i l u r e s .
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We found t h a t  th e  s p e c i f ic  grow th r a t e  which  
is  th e  p ro d u c t o f  D and B would be more r e a l i s t i c a l l y  
r e la t e d  to  th e  p r o d u c t iv i t y  o f  th e  system  concerned  
to  biomass and e th a n o l p ro d u c tio n  p e r u n i t  volume and 
u n i t  t im e .
3 .5  ENHANCEMENT OF THERMAL TOLERANCE IN  8 . CEREVISIAE 
BY PREINCUBATION AT HIGH TEMPERATURE.
The Saccharomyces c e r e v is ia e  PLA 851 s t r a in  
was grown on 2 % su crose  medium a t  D = 0 .1 0  h~^ and 
i n i t i a l  te m p e ra tu re  o f  30 ^C. A f t e r  a s te a d y -s ta te  
had been a c h ie v e d , th e  te m p e ra tu re  was in c re a s e d  to  
35 ^C and s u b s e q u e n t ia lly  to  40 ^C and 45 ^C-
The biom ass c o n c e n tra t io n  decreased  w i t h  
in c re a s in g  te m p e ra tu re . However, a s ig n i f ic a n t  f a l l  
was d e te c te d  a t  45 ^C, and th e  te m p e ra tu re  was r e s e t  
to  40 %  a g a in  t o  p re v e n t w ashout.
As th e  response to  exposure to  a h ig h  
te m p e ra tu re  ( 45 ^C ) ,  th e  biomass le v e l  w hich was 
ab ou t 1 .8  g /L  in  th e  f i r s t  run a t  40 ^C, now ach ie v ed  
le v e ls  o f  2 .7  g /L .
As can be seen in  F ig u re  3 . 5 ,  even a t  40 °C  
( a f t e r  p re in c u b a t io n  a t  45 *C  ) ,  th e  biomass le v e l  
was about 2 .7  g / L ,  h ig h e r  th an  th e  le v e l  found a t  
35 ^C ( 1 .6  g / L )  w ith o u t p r e in c u b â tio n .
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I t  is  n o t ic e a b le ,  however, t h a t  th e  averag e  
e th a n o l c o n c e n tra t io n  o n ly  in c re as ed  v e ry  s l i g h t l y  
in d ic a t in g  a change in  c e l l u l a r  m etab o lism .
The s im u ltan eo u s  enhancement o f  e th a n o l and 
th erm a l to le r a n c e  in  Saccharomyces c e r e v is ia e  has 
been shown to  occur a f t e r  a s h o r t  p re in c u b a t io n  tim e
a t  h igh  te m p e ra tu re ^ ^ .
I Ce l ls
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FIGURE 3 .5  -  E thano l and biomass p ro d u c tio n  ( 2 %
Sucrose medium } a t  in c re a s in g  te m p e ra tu re  from  30 to  
40 and i l l u s t r a t i n g  th e  e f f e c t  o f  " h e a t shocking " 
a t  46 on subsequent biomass p ro d u c tio n  a t  40 ®C.
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In c re a s e s  in  te m p e ra tu re  and e th a n o l  
c o n c e n tra t io n  have shown t h a t  both p h y s ic a l  and 
chem ical e f f e c t s  p la y  an im p o rta n t  r o le  as in d u c e rs  
o f  t r a n s i e n t  s y n th e s is  o f  " he a t-s h o c k  p r o t e in s  " in  
y e a s t . G4 The h e a t  shock response i s  an in d u c ib le  
p r o t e c t iv e  system o f  a l l  l i v i n g  c e l l s .
T h is  system s im u lta n e o u s ly  induces both h e a t  
shock p r o t e in s  and an in c re a s e d  c a p a c i ty  f o r  th e  c e l l  
to  w ith s ta n d  p o t e n t i a l l y  l e t h a l  te m p e ra tu re s  ( an 
in c re a s e d  th e rm o to le ra n c e  ) .  T h is  has le d  t o  th e  
s u s p ic io n  t h a t  th e s e  two phenomena must be in e x o ra b le  
l in k e d .  However, a n a ly s is  o f  h e a t  shock p r o t e in  
fu n c t io n  in  Saccharomyces c e r e v is ia e  by m o le c u la r  
g e n e t ic  te c h n iq u e s  has re v e a le d  o n ly  a m in o r i t y  o f  
th e  h e a t  shock p r o t e in  o f  t h i s  organism  hav ing  
a p p r e c ia b le  in f lu e n c e s  on th e rm o to le ra n c e ^ ^ .
P ic tu r e s  3 .5  ( a )  and 3 .5  ( b ) ,  show c e l l s  o f  
Saccharomyces c e r e v is ia e  PLA 861 grow ing a t  40 
b e fo re  and a f t e r  in c u b a t io n  a t  45 ®C. As can be seen  
b e fo re  in c u b a t io n  a t  h igh  te m p e ra tu re ,  PLA 851 showed 
normal y e a s t  c e l l s  c h a r a c t e r i s t i c s ,  changing t o  a  
much s m a l le r  e l l i p s o i d a l  and round form  a f t e r  
e x p o s i t io n  t o  46 Changes in  th e  shape o f  th e
y e a s t  c e l l s  may be r e la t e d  t o  d i f f e r e n t  f a c t o r s  l i k e  
amino a c id  c o n c e n t r a t io n ,  s t a r v a t io n  o f  n u t r i e n t s  and 
a ls o  membrane c o m p o s ition  2 9 ,3 8 ,3 9 ,4 6 ,9 4  _
128
As th e  r e d u c t io n  o f  th e  p ro p o r t io n s  o f  
u n s a tu ra te d  f a t t y  a c id s  p r e s e n t ly  in  th e  membrane can  
be an a d a p t a t iv e  response on th e  p a r t  o f  an y e a s t  t o  
e le v a te d  te m p e ra tu re s  i t  may a ls o  r e s u l t  in  th e
change in  th e  shape o f  th e  y e a s t .  These r e s u l t s  im p ly  
t h a t  p re v io u s  c u l t u r e  h i s t o r y  has a s i g n i f i c a n t  
e f f e c t  on th e  response o f  c e l l s  t o  te m p e ra tu re .
PICTURE 3 .6  a -  Saccharomyces c e r e v is ia e  PLA 851 
growing on 2 % i n i t i a l  sucrose medium a t  D = 0 .1 0  h”  ^
and 40 ®C, b e fo re  in c u b a t io n  a t  45 °C ( M a g n i f ic a t io n  
X400 ) .
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PICTURE 3 .5  b -  Saccharomyces c e r e v is ia e  PLA 851 
growing on 2 % i n i t i a l  sucrose medium a t  D = 0 .1 0  h~^ 
and 40 ®C, a f t e r  in c u b a t io n  a t  46 ®C ( M a g n i f ic a t io n  
X400 ) .
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3.6 - EFFECT OF INITIAL SUGAR CONCENTRATION ON THE
OUTCOME OF CHEMOSTAT EXPERIMENTS WITH BIOMASS 
FEEDBACK AT 40 *C .
Ethano l p ro d u c t io n  was te s te d  f o r  d i f f e r e n t  
i n i t i a l  sucrose c o n c e n tra t io n  ( 2 , 5 ,  10 and 20 % )
a t  a v a r i e t y  o f  d i l u t i o n  r a te s  ( 0 .0 6 ;  0 . 10 ; 0 .1 6 ;  
0 .2 0  and 0 .2 5  h~^ ) a t  40 *C .  The r e s u l t s  can be seen  
in  t a b le s  3 . 6 ( a ) ,  3 . 6 ( b ) ,  and 3 .6  ( c and d ) .
For a b e t t e r  comparison o f  th e  e x p e r im e n ts ,  
th e  B f a c t o r  shou ld  have been k e p t c o n s ta n t .  However, 
f o r  o p e r a t io n a l  reasons i t  was n o t p o s s ib le .  The 
e th a n o l y i e l d s ,  Yp ( g o f  e th a n o l produced /  g o f  
sucrose ) was d e te rm in ed  f o l lo w in g  th e  e q u a t io n :
Y = p / ( S q - s )
As can be seen from  our r e s u l t s  a marked 
improvement o f  e th a n o l y i e l d  was observed w i th  an 
in c re a s e  in  th e  i n i t i a l  sugar c o n c e n t r a t io n .  The 
d i f f e r e n c e  in  y i e l d  improvements among th e  v a ry in g  
d i l u t i o n  r a t e  a t  2 , 6 and 10 % o f  i n i t i a l  sucrose  
c o n c e n tra t io n  was n o t  so s i g n i f i c a n t .
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The v e ry  low y i e l d  and e th a n o l p r o d u c t iv i t y  
observed a t  D = 0 .2 5  h“ ^ , on 5 % o f  su crose  medium 
was p ro b a b ly  due t o  th e  wash o u t o f  c e l l s .  However, 
a t  20 % i n i t i a l  sucrose  c o n c e n tra t io n  th e r e  was an 
a p p a re n t improvement in  th e  e th a n o l y i e l d  w i th  
in c re a s in g  d i l u t i o n  r a t e .
The h ig h e s t  p r o d u c t i v i t i e s  were found a t  D = 
0 .2 5  h"^ f o r  both 10 and 20 %, r e s p e c t iv e ly  ( 4 ,0  and 
3 .2  g /L .h  ) .  N e v e r th e le s s ,  th e  amount o f  re s id u a l  
sugar was v e ry  h ig h . A p p a re n t ly  o n ly  8 % o f  th e  in p u t  
sugar has been consumed f o r  20 % i n i t i a l  sucrose a t  
D = 0 .2 5  h~^.
A s i m i l a r  p r o d u c t i v i t i e s  were observed f o r  
10 % i n i t i a l  su crose  c o n c e n tra t io n  a t  D = 0 .2 6  h~^, 
where th e  h ig h e s t  y i e l d  v a lu e  was fo und . However, th e  
consumed su gar was ab out 39 % o f  th e  t o t a l  su g ar.
The maximum fe rm e n ta t io n  r a t e  was o b ta in e d  f o r  
an i n i t i a l  sugar c o n c e n tra t io n  o f  10 % and a non 
sugar c o n c e n tr a t io n  o f  8 % . The a u th o rs  found t h a t  
th e  in c re a s in g  in  th e  sugar c o n c e n tra t io n  lea d s  t o  a  
l i n e a r  in c re a s e  in  osm otic  i n h i b i t i o n .  I t  has been 
p o in te d  o u t t h a t  f o r  an o s m o la l i t y  o f  3 osmols,
no growth i s  ob served .
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D i l u t i o n  
r a t e  ( h*”  ^ )
X
( g / L )
s
( g /L )
P
( g /L )
Yp Pcont
0 .0 5 2 .8 nd 10.6 0 .5 3 0 . 3
0 .1 0 2 .7 nd 10.8 0 .5 4 0 .7
0 .1 5 2 .5 nd 1 0 .5 0 .5 2 1.1
0 .20 2 .2 nd 9 .7 0 .4 8 1 .3
0 .2 5 1 .5 0 .0 5 6 .2 0 .3 2 1 .1
TABLE 3 .6  a -  The e f f e c t  o f  d i l u t i o n  r a t e  on 
Saccharomyces c e r e v is ia e  PLA 851 in  2 % sucrose medium 
a t  40 in  a Continuous c u l t u r e  w i th  feedback o f  
biomass.
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D i l u t i o n  
r a t e  ( h"^ )
X
( g / L )
S
( g / L )
P
( g /L )
Yp Pcont
0 .0 5 3 .4 nd 2 7 .5 0 .5 5 1.1
0 .1 0 2 .3 7 .6 19.1 0 .4 5 1 .5
0 .1 5 1 .7 1 2 .3 1 1 .3 0 .3 0 1 .3
0 .2 0 .97 3 7 .5 8.1 0 .6 4 1 .0
0 .2 5 .7 2 4 3 .7 1.6 0 .2 5 1 .5
TABLE 3 .6  b -  The e f f e c t  o f  d i l u t i o n  r a t e  on
Saccharomyces c e r e v is ia e  PLA 851 in  5 % sucrose  
medium a t  40 in  a C ontinuous c u l t u r e  w i th  feedback  
o f  biomass.
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D i l u t i o n  
r a t e  ( h“  ^ )
X
( g / L )
s
( g / L )
P
( g /L )
Yp Pcont
0 .0 5 2 .3 42 32 .1 0 .5 5 1 .2
0 .1 0 2.1 48 2 4 .2 0 .4 6 1 .7
0 .1 5 1 .5 64 1 9 .0 0 .5 2 2 .3
0 .2 0 1 .2 72 1 0 .5 0 ,3 7 1 .6
0 .2 5 1 .9 61 2 2 .4 0 .5 7 4 .0
TABLE 3 .5  c -  The e f f e c t Of d i l u t i o n r a t e  on
Saccharomyces c e r e v is ia e  PLA 851 in  10 % sucrose  
medium a t  40 in  a co n tin uo us  c u l t u r e  w i th  feedback  
o f  biomass.
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D i l u t i o n  
r a t e  ( hT^ )
X
( g / L )
s
( g / L )
P
( g /L )
Yp Pcont
0 .0 5 2 .2 155 2 8 .9 0 .6 4 0 .9
0 .1 0 2.1 162 2 4 .7 0 .6 5 1 .5
0 .1 5 1 .8 173 1 6 .9 0 .6 2 2 .0
0 .2 0 2.1 179 11.6 0 .5 5 3 .2
0 .2 5 2 .0 187 7 .0 0 .5 3 3 .2
TABLE 3 .6  d The e f f e c t  o f d i l u t i o n r a t e  on
Saccharomyces c e r e v is ia e  PLA 851 in  20 % sucrose
medium a t  40 in  a C ontinuous c u l t u r e  w i th  feedback
o f  biomass.
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A ccord ing  t o  th e  w orkers 1 9 ,7 6 ,7 7 ,7 8  ^^0
l i m i t s  o f  i n i t i a l  sucrose and non sugar c o n c e n tra t io n  
p e r m i t t in g  o p t im a l fe rm e n ta t io n  c o n d it io n s  a re  v e ry  
narrow . When osm otic  i n h i b i t i o n  is  p re s e n t  ( 1 .5  < E„|
< 3 osmols ) ,  sugar c o n c e n tra t io n s  have an im p o rta n t  
im pact b u t th e  b e s t  fe rm e n ta t io n  r a te s  a r e  o b ta in e d  
w ith  h ig h  i n i t i a l  sugar c o n c e n tr a t io n ,  see s e c t io n
1 . 3 . 2 . 2 .
The r e c y c l in g  o f  c e l l s  m ight m in im ize  th e  
e f f e c t s  o f  o s m o la r i ty  i n h i b i t i o n  a t  20 % i n i t i a l
sugar c o n c e n t r a t io n .  N e v e r th e le s s ,  th e  h ig h e s t
e th a n o l p r o d u c t iv i t y  was ac h ieved  a t  10 % i n i t i a l
sugar c o n c e n tr a t io n .
D e s p ite  re c e n t  re s e a rc h , th e  p ro d u c tio n  o f
e th a n o l by fe rm e n ta t io n  s t i l l  rem ains more ex pen s iv e  
th an  g a s o l in e  o r  e th a n o l produced by e th y le n e  
h y d r a t io n .  A lthough some improvements in  e th a n o l  
p r o d u c t i v i t i e s  have been o b ta in e d  us ing  co ntinuo us  
c u l t u r e  te c h n iq u e s  a t  h igh  te m p e ra tu re s  and 
m icroorganism s w i th  th e  a b i l i t y  to  fe rm e n t a v a i l a b l e  
and cheap s u b s t ra te s  such as molasse and c o rn .
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